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ABSTRACT

The objective of the rescarch program is to investigate the
feasibility of computer prediction of broadband near-iieid
clectromagnetic interterence in a space vehicle. The
results of such a prediction program wouid provide usciul
information on interference problems to cguipmoent
designers and also allow selection of critical monitor

points tor use during launch vehicie carokout

.

The prime emphasis of the investigation hias been a funda-
mental approach to the probiem of analviic prediction of
radiation coupling (Section 3.0) between cquipment boxes
in an cenclosed vehicle structure. In addition (o the radia-
tion coupling investigation, a secondary vmphasis has been
given to application of a cable-to-cable computer interier-
ence prediction program to the Saturn Instrument Unit

(Scction 4.0).
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1.0 SUMMARY f’)b*z)

This document is the final report on an investigation into the feasibility
of computer prediction of broadband near-field electromagnetic inter-
ference in a space vehicle. The prime emphasis of the investigation
has been a fundamental approach to the problem of analytic prediction
of radiation coupling (Section 3.0) between equipment boxes in an
enclosed vehicle structure. In addition to the radiation coupling inves-
tigation, a secondary emphasis has been given to application of a
cable-to-cable computer interference prediction program to the Saturn

Instrument Unit (Section 4.0).

The analytic approach in the radiation coupling study has examined in
detail the following possible methods of predicting the amount of

coupled interference:

) Cavity Field Expressions,
) Lumped Circuit Models,
) Near-Field Expressions.

w N -

In the cavity method, the vehicle structure is considered as a metallic
enclosure (cavity). All equipment boxes, which are potential inter-
ference radiators (emitters), are considered as combinations of
electric and magnetic dipoles. The strength and orientation of these

dipoles is a function of the surface current flow on the equipment boxes:

Shielded room techniques show the most promise for the actual deter-
mination of these dipole characteristics. Other techniques using field
probes on the surface - f the emitter box are not satisfactory unless

the disturbance of the fields caused by the presence of the probe could
be evaluated.

The equipment bux. whose equivalent dipole characteristics are desired,
is placed in the shielded room and measurements are made of the fields

at selected places on the walls. Theoretical calculations are made of
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the field distributions in a cavity with the same shielded room bound-
ary conditions. The type, strength and orientation of the equivalent
dipoles for the emitter box are determined from an evaluation of the
field measurements and theoretical calculations. In the future, it is
entirely possible that the interference specification used by the
designer will specify limits on the equivalent dipole moments equipment

boxes may have.

Generalized expressions for the fields excited by these short electric
and magnetic dipoles have been derived by starting with Maxwell's

equations and the boundary conditions for loss-free cavities. These

‘expressions, useful at all frequencies, allow determination of the

field strengths at any point in the enclosure as a function of the
emitter location, strength and orientation. With the fields known
everywhere, the currents induced on a box susceptible to interference
(receptor) can be found. Various analytical methods may be used to
include the effects of lossy walls, openings and perturbing bodies on
the resonant frequencies, and on the field configuration within the
cavity. Thus, the basic feasibility of interference predictionb using

electromagnetic theory of cavity resonators has been established.

The A}ﬁﬂig ability of the cavity expressions for prediction of coupled
interference between very closely-spaced boxes (less than one box
dimension apart) has not been fully substantiated. Therefore, the

lumiped circuit models were developed to allow prediction in this

region.,

(e}
g
The Tumped circnit approach replaces the equipment box walls with the
cqiiivalent surface impedances. The coupling of emitter surface cur-

rents to .« nearby receptor box is represented by inter-box capacitance,

~mutual inductance or conductance through interconnecting cabling.

- The results ot predictions using the developed analytic models has

been correlated with laboaratory measurements, and it was found that
the only significant coupling mechanisms were through inductance.
The lumped-circuit models are useful when the box dimensions and

spacing are much less than a wavelength.

v
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The free-space, near-field expressions for a small loop were used to
predict the radiated fields in a closed structure. The analytic predic-
tions compared favorably with experimental data from an equivalent
model set up in a screen room. However, the near-field expressions
are restricted to frequencies below the structure resonant frequencies
and to regions where the box separation is at least one box dimension.
Therefore, near-field models will, at best, give rough approximations

to the interference fields.

The second part of the study was the development of a computer pro-
gram for prediction of cable-to-cable coupling of interference in the
Saturn Instrument Unit. The program developed represents a modifi-
cation and extension of past research efforts at Boeing on computer
techniques for the predication of cable-to-cable interference coupling.
The computer program is written in FORTRAN IV language and can
be used on any system having a FORTRAN 1V compiler such as I1BM
7094, SRU 1107.

A representative set of 32 circuits in the Instrument Unit were selected
for study in the computer program. Each circuit was assigned to one
of six basic circuit types and given an appropriate emission and sus-
ceptibility spectra. The computer program constructed attenuation
spectrums between all emitter-receptor circuit combinations. The
altenuation spectrum was based on the amount of mutual circuit length.
and separation, the amount of inter-circuit capacity and inductance,

and the shielding and twisting effectiveness of the wires.

The emission spectra of each circuit, modified by the correct attenua-
tion spectra of the cable network, was compared to the susceptibility
spectra of every other circuit for possible interference. The 52
Instrument Unit circuits examined represented over 23500 cases of
possible interference. The results indicated 196 potential cases
where the coupled interierence might exceed a threshold 6 db below

the susceptibility level of the receptor circuit. The lack of sufficient
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details on Instrument Unit circuits and the resultant assumptions made

on circuit characteristics definitely was a contributing factor in many

The significant point is that the number of cases requiring more study

was reduced below 8% of the original number.
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2.0 INTRODUCTION

The problem of prediction of Electromagnetic Interference (EMI) in a
complete integrated launch system is extremely complex. The agency
charged with performing a successtul system integration is faced with
a myriad of equipment boxes, components and cabling supplied from
numerous different equipment manufacturers. The only assurances on
EMI the manufacturer can truthfully give the system integrator is that
a particular box or component when operated by itself in a specific
controlled test environment will satisfy certain prescribed specifica-
tion limits on emission and susceptibility. Since the operational system
environment is quite different than the test environment, the box can
be expected to have a significantly different emission and susceptibility

spectrum when integrated into the vehicle system.

Up to this time, there has been no practical method developed that
would be useful to the system integrator in the predesign phase to
determine the overall EMI environment of a large complex vehicle
svstem. Thus, it is necessary to conduct an expensive EMI test pro-
gram with all the electrical system placed in a vehicle mockup. This
test is conducted alter design completion and the EMI problems
incaovered necessitate, in mdany cases, a costly retrofit program, and
Pesuits inoa series of launch date slippages. Thus, a predesign EMI
prediction prugram would offer the system integrator a two-fold
advantiege. First, it would allow discovery of system EMI deficiencies
i time for correction during the design phase. Secondly, the predic-
tion program would pinpoint the critical interference areas for more

efticient use of test time during the EMI system test.

The overall goal of the current research contract has been to deter-
miine the feasibility of prediction of broadband near-tfield electro-
magretic interference in the predesign phase of system development.
A very rundamental analysis of the various coupling paths between

biacx boxes of an assembled vehicle svstem has been carried out.
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The result of this approach is a prediction method applicable to all
levels of system complexity (i.e., black box to black box, subsystem
to stage, stage to vehicle complex, and vehicle to ground-support
cquipment comnplex).

The investigation has divided the various coupling mechanisms into
two distinct parts. The first part is radiation coupling to which »
prime emphasis has been given in this report. The radiation coupling
study represents an extension of state-of-the-art analytic techniques

to vehicle interference coupling problems for which no satisfactory

‘solutions presently exist.

The second part is a cable-to-cable coupling study which has resulted
in a computer-prediction program for the Saturn Instrument Unit.
This computer program represents an improved extension of pist

Boeing research on cable-to-cable interference prediction.
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3.0 PREDICTION OF BROADBAND
NEAR-FIELD RADIATION COUPLING

Broadband near-field radiation coupling is a term used in this report
to cover a large category of coupling mechanisms. These mechanisms
include box-to-box, box-to-cuble, box-to-stage, stage-to-vehicle, and
vehicle-to-ground complex. The prime emphasis during this investi-
gation has been devoted to examining the feasibility of predicting box-
to-box coupling and the logical extension of these prediction techniques

to larger systems.

3.1 METHODS OF BOX LEAKAGE

Box-to-box coupling can occur from a variéty of sources such as leak-
age through walls, seams, small apertures, cable entrances, etc.
Each of these leakage sources give rise to one common effect (i.e.,
external surface current flow pnthe emitter box). It is the coupling
of these emitter box external-surface currents through re-radiation or
conduction to the receptor box that is the prime source of radiation

coupling between boxes.

The direct radiation coupling of internal emitter-box energy to a
receptor box via large apertures, such as ventilation holes, has not
been considered. The reason is that the development and use of low-
power dissipation solid-state circuits for space applications has resul-
ted in forced-air cooling being replaced by cold-plate cooling. Thus,
equipment buxes used in space vehicles are not expected to have large

apertures,

3.2 CAVITY CONCEPTS APPLIED TO RADIATION COUPLING

In this report, the interference problem is investigated as applied to
equipment operated in a typical closed-vehicle system. The vehicle

shell forms an enclosure or cavity which contains metallic boxes

-1
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enclosing a variety of instrument and telemetry circuits. The metallic
boxes are mounted on the vehicle shell and interconnected by cables.
The causes of the-mutual interference between the various circuits

are the transmission of the electromagnetic energy directly through
the metallic walls of the boxes, the leakage of the energy through
apertures lehd seams in the walls, and the coupi'mg of the energy

itTe 0
=~ LW

o 1 nlinoe mechaniam
th ugh v 1 upling mechanig

s hetween the interconnecting

The fundamental approach to the problem of radiation coupling, which
does not involve conduction currents, is to treat the interfering device
as a radiating antenna which sets up electromagnetic field inside the .
cavity formed by the vehicle shell. The susceptibilit.y environment of
the receptor boxes is then determined by the magnitude and directiun
o!f the electromagnetic field surrounding them, and by the voltages
induced in the interconnecting cables by the field. 1If the character-
isfics of the 1'adiating source are known, the field within the excited
cavity can be determined by employing the electromagnetic theory of

the cavity resonators.

In this section, various aspects of the interference problem are described

a8 app.lierl to closed cavities. First, the radiation characteristics of
the interfering equipment are considered. Second, the theory of the
resonant cavities is discussed starting from the Maxwell's equations
for loss-free cavities. Various analytical methods are indicated to
include the e(fect% of lossy walls, openings and perturbing bodies on
the tield ccmt'igurétion within the cavity. In conclusion, the electro-

magnetic icakage into receptor circuits is considered,

3.2.01 Equivalent Dipoles of Interference Radiators

The interfering device. which represents a radiating source in the
cavity, is characterized by the currents existing on it. The strength
and distribution of these currents determine the electromagnetic tield
eve rywhere in the cavity., One of the tasks of the interference

prediction s the evaluation of the radiating source.,
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A direct calculation of the radiation characteristics of an equipment
from the voltages and currents in the electronic circuits enclosed in
the box is clearly impossible. Since experimental methods are
required, this implies that either the interfering equipment is avail-
able for measurements or that specifications describing the radiation
characteristics of the equipment are available for interference predic-
tion. In the following discussion, it is assumed that a complete
assembly of a prototype equipment box is available so that it can be
activated in a laboratory under the same power and signal levels which

will exist when it is operated in the assembled vehicle system.

The distribution and strength of the radiating currents may be
measured directly by probe method, from which the field can be cal-
culated at any point. This method, perhaps difficult, could yield any
desired information with proper calculations. Another method is to
measure the interference field under pre-specified conditions and
locations. Both methods imply careful and laborious measurements
under difficult conditions, since the probes and other measuring

equipment will distort the measured quantity considerably.

If distances greater than the source dimensions are considered, the
problem of determining the strength of the source is simplified. Pro-
vided that the interfering equipment is much smaller than the wave-
length corresponding to the frequency of measurement, the important
reatures of-the source can be determined by employing the principle of
superposition. The field from any radiating system may be repre-
sented by superposition of multipole sources which consist of electric
and magnetic dipoles and higher-order multiocoles. The relative con-
rributions of the various multipoles to the total field around the source
depend on the distance from the source. At distances greater than
source dimensions, the electric and magnetic dipole terms are most
important: the contributions from higher-order poles are negligible.
This simplifies the problem considerably, since the strengths of the
cquivalent dipoles can be measured more readily. The method of

meassurement is to place the interfering equipment in a rectangular
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shielded room or cavity, and to measure the field strength at selected
places. The purpose of the shielded room is to provide a noise-free

space, free from other interfering sources, and to provide a known

‘boundary for the radiator. The known boundary condition enables -

exact theoretical calcalations of the field inside the cavity in terms of
the dipole strength, type, and orientation. These characteristics of
the radiating device are then determined from field measurements
taken at selected places on the walls of the shielded room. Once the
equivalent dipoles of the interfering device are found, the specifica-
tions of an interference-producing device can be established in terms

of the equivalent dipoles.

Considerable theoretical and experimental work regarding the deter-

mination of the equivalent dipoles of interfering equipment by shielded-

room techniques 'has been done by the Rensselaer Polytechnic Institute.

References (3) and (4) describe this work: the shielded rooms, the

placing of the interfering device in the room, the design and calibra-

“tion of the field-sensing devices and their locations in the shielded

room. The analysis is based on the static fields of the dipoles, and is
applicable to cases for which a volume distribution of electric and
magnetic dipoles may be represented by an equivalent lumped electric
dipole and an equivalent lumped magnetic dipole. The exact conditions
regarding the size of the room and the size of the interfering device

for the lumped dipole concept to be applicable are as follows:
- L
The radiator should much

I be much smq Y
wavelength of the interfering frequency;

fat
-

2) The distance of observation should be smaller than
a wavelength to be in the static field of the radiator;

3) The distance of the point at which the tield is
measured to the source should be large compared
to the dimensions of the source.

The condition (1) is necessary if a piece of equipment under test is to -

be represented by lumped equivalent dipoles. This is possible only if

the surface currents of the radiator have no phase difference along the

10



D2-90642-1

naths. i the greatest linear dimension, d, of the source satisfies
the condition d < A/2m , where A is the wavelength under considera-
tion, satisfactory engineering results are obtained. The condition (2)
ensures that the measurements are made in the static fields of the
dipole since, for distances larger than A/2n  from a source, the
radiation field becomes important. The condition (3), which defines
the relative sizes of the screened room and the interfering equipment,
follows directly from the condition (2). If the measured field is the
static field ot radiator, and it the dimensions of the radiator are less
than one-third of the shielded room dimensions, then the field excited
by the radiator is similar to a small dipole having the same dipole
moment. The shape of the screened room is chosen as a cubical room
because its symmetry simplifies calculations. Under the assumptions
of static fields, the computation of the field in the cavity is simplified

since the principle of images is applicable.

The interfering equipment should be placed in the screen room at a
location and under conditions which resemble its actual conditions in
the final assembled system as closely as possible. The radiators, in
general, could be classified into two types regarding their location in
the assémbled system: grounded radiators and isolated radiators.
Equipment which is coupled to the vehicle shell directly by means of
connecting cables, ground straps or indirectly by close proximity to
shell are classified as grounded radiators. Any equipment which is
generally used with no cable connections and is not coupled to ground
or anv object can be considered to be an isolated radiator. The
maiority of the interfering equipment fall within the class of the
grounded radiators, since most equipment is expected to be located

near or on the vehicle shell.

To measure the equivalent dipoles of grounded radiators, the interfer-
ing equipment is placed on the floor of the screened room (the floor
representing the ground plane which is the vehicle shell). The equiva-
lent dipoles of such equipment then conta;n only three components: a

vertical - electric, and two horizontalemagnetic. The other two

11
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. ~electric and one n;lagnetic components do not produce appreciable
fields as they are nearly cancelled by thelr images m the ground plane.
If the equxpment is placed symmetrlcally at the center of the floor in
the room, then three sensing elements are required to determme the
stfength of the three dipole com'poneﬁts. This is shown in Figure 3.1
where two loop probes and one rod probe-is all that is required to
determine the three.dtpole components. The electric rod probe placed
directly above the radiator is sensitive to the electric dipole. Hence,
the induced voltage in the electric probe is proportional to the electric

~moment of the radiator. The two loops, placed to obtain maximum
sensitivity, however, are sensitive to both electric and magnetic

dipoles.
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The voltage induced by the electric dipole, EZ, in one loop is 180° out
ot phase in the second loop; the voltage induced by the magnetic dipole,
MV, i1s in phase in both loops. Thus, subtraction of the voltage of
loop I rrom that of loop 2 will give a voltage proportional to the elec-
tric dipole moment, and the additjon of the two voltages will yield a
value proportional to magnetic dipole moment, My' To measure the
moment of the magnetic dipole Mx’ the radiating equipment is rotated
90° and the above procedure repeated. These measurements of the
dipoles Ez’ M.\” My vield the values of their moments but not their
relative phase differences. However, if the resulting magnitudes of
the field components are added directly, the maximum possible

interference field is obtained.

To measure the equivalent dipoles of large radiators, the effect of the
spacial current distribution on the magnitudes of the equivalent dipoles
must be determined. A method which removes the restriction of the
relative sizes of the screened room and the radiator is described in
the reference (3). Following this method, it is possible to evaluate
approximately the magnetic dipole components of long radiators, but a
correction factor is necessary for the measured electric dipole. The
correction factor depends on the relative sizes of the room and of the
‘radiator: this means that a separate calibration is required for each

particular size and type of the radiator.

The most general method to determine the equivalent dipoles by the

(U}

~
(.

“t

ecned-room technique for all sizes of radiators and all frequency
ranges is to employ the full-series expressions for the field in an
excited cavity given by equations (1) and (2) in this section. As
shown in reference (4) for low-frequency ranges, the field at the
edges of a cubical cavity depends on the dipole strength and the spacial
current distribution of the radiator. This still implies a calibration
factor for each size and type of radiator. However, if an accuracy of
about I 3 db is acceptable, no calibration is required and the equiva-
lent dipoles may be determined by using only a limited number of
probes at fixed locations on the cavity walls. To obtain greater

accuracy, other methods should be investigated.
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Two possible solutions to the above problem may be anticipated. First,
instead of probing the field at a few selected points, the field could be
me'asured along the walls continually. This implies sliding probes and
slots in the walls, but the techniques are well known from waveguide
measurements. Second, the effect of resonance may be used. As shown
in equation (8) in this section, the field strength at resonance can be
calibrated readily at any point in the cavity if the quality factor, Q, of
the cavity is known. As the tield is given by comparatively simpie
expressions, it may be possible to deduce the characteristics of the
radiator by few measurements at selected positions. Of course, this
means that a room of adjustable size is required.

Finally, it can be said that, although some amount of work still remains
to be done, the shielded-room technique appears to be the most promis-
ing method to determine the equivalent dipoles of the radiator. Once
this is done, the noise field of the ’mtérfer'mg device can be calculated
for any conditian,

At dis%éiiicf.iés Iessthan the dimensions of the radiator, higher-order
multipoles contribute most to the field. There are no methods avail-
able on how to determine the multipoles of a radiator, but the problem
may be approached by some other techniques as ocutlined in Sections

3.3 and 3.4, |

3.2.2 Excitation of 1deal Cavities

After the radiation characteristics of an interfering device have been
(;L‘t(’l'h'l'lnt‘,d. thé next step is to find the magnitudes and the directions
of the electric and magnetic fields excited by the radiator within the
cavity. The simplest case to consider is an ideal loss-free cavity
formed by perfectly-conducting walls. This type of cavity supports an
infinite number of source-iree oscillations. To each oscillation, there
corresponds a resonant frequency fi = ‘01/2“ and a definite field con-
tiguration —E‘:i’ ?{.i . The resonant frequency and the field distribution
of each oscillation or mode is determined by the geometrical shape

and size of the cavity.

14
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" A source in the cavity at a frequency off resonance will excite all the
resonant modes so that the total field will be a superposition of all the
resonant modes with proper amplitude factors. Since a loss-free

cavity is assumed, the source supplies energy to the cavity over one

" part of the cycle, and the cavity acts as a reactive toad on the exciting

source. If the cavity is excited exactly at one of its resonant frequen-

. c{es. the oscillations will build up to a very large value.

A mathematical derivation of the excited field in a cavity is given in

"Appendix A. The results are presented here in equations (1) and (2):

E= —————-lei H[wJ- E, +wM- ﬁ*]dv (1)
- w2 - wi j .
1
- — Z jHi ¥ [ - - — - .
i ' . :

.

where E and H are the_.tota] electric and magnetic field vectors
excited by the source, Ei and Ei are electric and magnetic fields of
the i's resonant mode, J and M are the electric and magnetic cur-
rents of the source operating at frequency f = w/2n. The integration
is performed ovér the volume, V, of the cavity.

The mode vectors, E:i and ;{i’ are functions of the thrge space
coordinates, and have a characteristic distribution in each direction.
Thereiore, the summation over the index i in the above equations

actually consists of three summations:
i f. m n

where £, m, and n are positive integers 0, 1, 2, ... in the general
case. For cavities which are formed from cylindrical waveguides,

' the characteristic modes are usually expressed as transverse
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magnetic (TM) and transverse electric (TE) modes with respect to ‘
the longitudinal direction. Simple dipole sources oriented in theilongi;
tudinal direction require only TM or TE modes, but in general case,
both TM and TE characteristic mode; are necessary to expand an

arbitrary field in a cavity:

E, = E_TM + E_TE
1 1 1

Ho -8 ™+ Hq "
1 1 1

If there are several sources in the cavity, the total field is then a
superposition of the fields of equations (1), (2) from each source.

he resonant frqquencies, wi' are functions of the geomgtry and size
of the cavity. The frequencies can be calculated exactly for cavities
which form cdordinate surfaces u = constant, v = cpnstant,
w = constant of a coordinate system u, v, w for which the wave equa-
tion is separable. Finite conductivity of the cavity walls or the losses
in the dielectric medium render the resonant frequencies complex so
that the freque'n(‘y has an imaginary' part. This describes an exponen-
tial time decay of the energy in a lossy cavity due to the flow of energy
into the walls or due to the losses in the dielectric medium_. The
complex resonant frequencies can be calculated approximately by
porturbatilmél and variational methods, as discussed in paragraph

3.2.3.

The equations (1), (2), have been derived assuming ideal cavities and
general electric and magnetic current sources. The main difticulty
in evaluating the forced ficlds is the integral over the volume of the
cavity. Even it the analytical expressions of current distributions

J. M are known, it may not be possible to evaluate the volume

integrals in a closed form so that numerical methods are necessary.
The forced fields duc to simple electric and magnetic dipole sources

in rectangular and circular cylindrical cavities are derived in

Appendix A,

16
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- 3.2.3 Approximate Solutions of Cavity Perturbation Problems

-

The theory derived in Section 3.2.1 is applicable to ideal cavities with
perfect boundaries enclosing homogeneous isotropic logs-free dielec-
tric medium with dielectric const;zmt € and magnetic permeability u.
In the interference problem, the vehicle shell forms lossy metallic
walls. Also enclosed within the cavity are various instrument and
telemetry chassis, cables and possibly other equipment. These fac-
tors represént a wide variety of irregularities which influence the
resonant frequencies and the field in a cavity. Exact calculations 6f
the effects of irregularities on the resonant frequencies and the char-
acteristic modes are seldom possible with present mathematical
techniques, but approximate values can be obtained by applying per-
turbational and variational methods. These methods employ the fact

that the electromagnetic problems can be expressed in a form of

integral equatic;ns instead of differential equations. Integration is a

summation process, and it is not necessary that each element of the
summation be correct. It is more important that the elemgnts contri-
buting most to the summation be correct, than that the elements of
miner contribution be correct. Even for the problems which can be
solved exactly, it may be more convenient to employ approximate
methods; for the evaluation of the exact solution may be much too

complicate.d .

The derivation of the approximate methods can be found in standard
texts (references 1 and 2). Some of the problems and the approxi-
mate solutions, as encountered in the intertference prediction, are

outlined here.

The perturbational methods are applicable when a cavity differs but
«little from a cavity whose characteristic modes and resonant frequen-
cies are known. The characteristic modes and the resonant frequen-
cies will differ but little from those of the known cavity. The change
in resonant frequency and the quality factor, Q, of a cavity due to

lossy. walls gcan be calculated by perturbational method. The theory

17




. field. E %A&J&QA% is done, the change in reseaan& ff‘equeﬂ‘xtﬁL

of the skin effect for. metallic boundaries permits one to obtain a first
approximation for the change in resonant frequency from equation

(A 16). Appendix A,

f.ngH ‘Ho & . (3)
r[(eE'E uH'HO)dV

~ ve

where ¥, H, w represent the field and resonant frequency of the

~—

cavity with lossv walls, having a surface impedance ZS: and E H“,
@y represent the corresponding quantities of the original cav 1tv with
pertectlv-conducting walls. The surface and volume integrals are
taken over the cavity. Equation (3) is an exact expression for the
change in resonant frequency due to the lossy walls of the cavity.
Since the surfade impedance of metallic boundaries is a very small‘
quantity at most frequencies, it cén be deduced that the tangential
electric field at the walls is still very small, and that the field distri-

bution within the lossy cavity is nearly identical to the field distribution

within the urrcs;umdmg loss—xreg Lanty As a result of tlns the

In}\l)u\&fl Lu.l;d F H in-_equation (3) may be approxnmmd by the k,,;” ;

given b\

- @ J'HZ IHO H}-"“
" ﬂ (‘lEc)l2 + @ |Hol %) dV - '

As mentioned before, the resonant lrcquen(y becomes complex wm n

’

the dosses i catity are considered:

. Y + 3 \ : -
w w ]Luj ()
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< 2
slHO' ds
W - Wy - F———
r zﬂulﬂolz av
2 .
HRS,HO‘ das
w, ~
37 offf wigi? av
- v g 4 :
and 7Z =R_+iX_ .
S S S

The quality factor, Q, for a cavity is defined by

Q - wx energy stored in the cavity
~ energy lost per cycle to the walls

and can be shown to be (for a perturbed cavity)

X | wdﬂfu\liolzdv ' e

Q =~
5R8|_H0‘2 ds

The complex resonant frequency then can be written as
e . .

E
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€
o
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complex resonant frequencies

©imn - ©@p fmn © j("cj) fmn

(@ 5'61'—"
y tmn “fmn

"or a loss-free cavity. the field becomes indeterminate with ®

being real. Physically, a loss-free cavity is

be achieved with real frequencies. The forced field near a

resonant frequency can be calculated from equation (A.17), Appendix A

- jEi - ——* L L%
E(w~w) = ————— l—J + E. +M* H, ] dv
i 2(w - wi) i i

———-
with a similar expression for the magnetic field H (=

“Bathe case ot adegeneracy. when one unperturbed resonan

corresponds 1o several characteristic modes, such as TM

I .
= L [ fj-"[- - . _.*]
(o e e J b + M - 1 dv
Lw) 2 (- ) by ir
rd -
IR | 1,2, ...k
iv

The torced {ields in equations (1), and (2) are now functions of °

= Yo’
an unreali-

zable limiting case: so that, in 4ll practical cases, resonance cannot

complex

’

(8)

i)'

t trequency

and
Smn

modes in a rectangular cavity, a number of complex resonant
freqaencics of the perturbed cav ity may be near each other. In these

viases . the torced Tield 1s obtained from (A.18), Appendix A\,
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The equipment boxes within the cavity influence not only the resonant
frequencies but-'also change the field. As a starting point, the effect
of a small conducting body in an ideal cavity is investigated. By a
reasoning similar to the one used to derive equation (3), the cilange

in the resonant frequency due to a conducting perturbation is given by

—

]ﬁ 85H x Eyr - &
°T %o m' €E-Ef*+pH-H2av

-
-
~

where the integrations are performed throughout the volume, V', of

the deformed cavity, and over the surface, AS, of the deformation.

Expression (lOA) is exact if the fields‘ E, -ﬁ are used. If the volume

of the perturbing body is small and if it forms a smooth inward per-
turbation of the cavity wall the unknown field E H may be replaced
by the unperturbed field EO, HO. As seen from equation (10), the
change in resonant frequency depends on the size and on the location

of the perturbation.

If t@@erturbxng body is large, the perturbatmnal technique becomes
difficult as the approximation EO’ HO for the unknown field introduces
a large error. A procedure which allows one to calculate the changes
in resonant frequencies and to determine the unknown fields E -}TI is
the variational method. This method em oys the principle that the
elgenvalues or some other characterlstlc quantltles of a boundary-

value problem is stationary. For example, if a resonant frequency of

a cavity is expressed as a variational integral of the field inside the

cavity, first-order approximation of the field results in a second-

order approximation of the resonant frequency. The resonant frequency
is insensitive to small variations of the field about the true field. A
systematic scheme for determining a finite set of approximate mode
functions and characteristic values to a given boundary value problem

is the Rayleigh-Ritz method which may be used when the cavity encloses
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a large number of perturbing bodies. The Rayleigh-Ritz method is
based on the variational integral, whose stationary values correspond
to the true eigenvalues, when the true mode vectors are employed in

the integrand.

i

The details of the perturbational and variational methods are developed

in reterences (1), (2). Reference (5) is an exhaustive treatment of

waveguides and cavities.

3.2.4 Electromagnetic Leakage into Receptor Circuits
2407 - .

In order for any interference to become effective, it must (in some

way or other) reach the receptor circuits. Complete shielding of the

receptor circuits is never possible because there always are connects

ing cables entering the equipment, and there may be discontinuities
in the metal shielding. These factors provide coupling between the

external and internal space of an equipment box.

The coupling takes the form of electromagnetic energy leakage through

apertures (such as seams, long slits, connectors) and conduction
interference via cables. The leakage through apertures has been

extensively studied by the Rensselaer Polytechnic Institute in refer-

ence (&), and will not bhe considered in this report. If the field outside

the enclosure is known. the leakage may be calculated from Bethe's

theovy of small res The cond:

(=2 L L (e

Ui

considered in Section 4.0 of this report.

Oneconpling mechanism which has not been considered before is the

Mmagnetic induction via ¢cables or wires entering the enclosure.

Cables v wires together with cquipment enclosures and the ground
ptane mayv torm o closed loop in which a voltage is induced by the
external field. The carrent in the loop may be conducted inside the

cnclosure and may interfere with the electronic circuits directly or
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establish a field by reradiation. A typical example is shown in
Figure 3.2 where a loop is formed by two equipment boxes, cable

shield, and the cavity wall.

EQUIPMENT

CAVITY WALL

FIGURE 3.2. - LOOP FORMED BY COAXIAL
' CABLE & EQUIPMENT BOXES

The.voltageu in the loop which produces the current, I, is calculated

V = -jwpII -ﬁ.'c;é

where H is the magnetic field in the cavity enclosed by the loop, and
S is the area enclosed by the loop. The current, IZ’ in the inner
1 through the shield.

If a twisted pair instead of a coaxial cable is considered, the interfer-

from

conductor is created by the leakage of current 1

~ ence is carried by longitudinal currents in the twisted pair.

The energy leakage through walls is possible for low-impedance fields.
In most instances, the strength of the external field surrounding the
enclosure will not be known exactly unless numerical methods are
used to solve the boundary-vaiue problem. As a first approximation,

it can be assumed that the enclosure is immersed in the undisturbed
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—

field HO’ EO. The surface current on the enclosure is then

Js = anO

where n points into the region of field. In case of apertures in the

walls, the field EO’ HO is a first approximation to use for calculations

of equivalent dipoles of an aperture. .

3.3 LUMPED CIRCUIT MODELS FOR CLOSELY-SPACED BOXES

The cavity expressions of Section 3.2 have been shown to be valid for
box coupling at all regions except for very closely-spaced boxes.
Other methods have been investigated to develop analytic prediction

models for the case of closely-spaced boxes. One of the more pro-

mising methods, involving lumped-circuit app‘roximations, is described

in this section.

Lizmped circuits are usable when the dimensions of the system being
congidered are much less than a wavelength (about 1/16 of a

wavelength or less).

At these frequencies, the radiation resistance is negligible, and the

inductances are constant and equal to the low-frequency values.

In order to test the lumped-circuit model predictions, it was decided
to use a set-up which was simpler than actual box-to-box coupiing,'
but still approximating it. Instead of standard boxes, 'degenerate"
boxes or sheets were used as receptors and emitters, as shown in
Figure 3.1.6.. Here, the situation is much simpler, and it was
deemed necessary to be thoroughly familiar with this situation in
order to understand the more complicated box-to-box case. As a
check to the degree of electromagnetic similarity between the two

cases, a box as a receptor was connected to ground through a short
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. " wire. A Stoddart current probe was used to monitor the current in
the wire. The results, Paragraph 3.5.4, agreed closely to the sheets
which were used as receptors throughout the rest of the experimental

work.

In the lumped-circuit approach, it was assumed that the current on the
~emitter surface was sinusoidaily varying in time, and that it was con-
»  stant in direction and magnitude along the surface. The input current
to the emitter is approximately twice the current on the outer surface
of the emitter, since the current splits ev-énly and flows on both sides

of the ‘sheet.

3.3.1 Capacitive Coupling Between Closely-Spaced Boxes

[y

Consider the situation illustrated in Figure 3.3. A box is radiating
with the characteristics of an electrical current loop in a plane perpen-
dicular to a ground plane. A box at a distance d from the emitter is
. the receptor of the éle’ctromagnetic radiation, To determine whether
interference will occur or not, it is necessary to know the current
induced on the receptor bo® surface. When the product of frequency,
f. and distb:a;m:-e,' d is much less than .Eth- times velocity of light,
then the lumped-circuit model can be used to predict the current.

The capacitive equivalent-circuit model is shown in Figure 3.4.

COUPLING
/“\
EMITTER _ RECEPTOR BOX
BOX - d
IOl P77 777770 77T PP PT ) 77T/ PP /77l 7/l 777

GROUND PLANE

' " FIGURE 3.3
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FIGURE 3.4

The capacitance represents the mode of coupling between the receptor *
sheet (represented by 7.2) and the emitter sheet (represented by /.1).
- The current Il is the current on the emitter s‘urface, and I2 is the cur-

. rent on the receptor surface. The voltage around the second loop of
‘ Figure 3.4 is '

_ 1

by Kirchofi's voltage law. Thus, the magnitude of the surtace current
ratio is .
I 7z +~ 7 + - 14
11 2 jwC
Iz 4
' /.l and. '/',Z are the impedances of the emitter and receptor sheets,

respectively, and C is the capacitance between the two plates.

To obtain the worst casce. the value of C was taken as that between two

parallel plates. Thus,
® o
0
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where 50 is the dielectric constant of air, A is the area of the plates,

and d is the plate separation.

The impedances of the two sheets are given by

Z, - Z, =11 + %) /—-E- L
1 2 = N2o W
where @ is the frequency in radian/sec., O the conductivity of the

metal being used, ¥ the permeability, L the length of the conductor
and W its width.

‘Typical values of 11/12 were calculated and plotted in Figure 3.5, |
An electrically clean, controlled situation was set up in the laboratory
to verify the results. Because of measurement pfoblems, it was
deciped to simulate the actual situation in the laboratory, as shown in
Figu:re 3.16 in Paragraph 3.5.2.1. The reason for this set-up is
that no method for determining absolute values of surface current had
been determined. Thus, the Stoddart No. 91550-1 current probe was
used to determine the current flowing through a wire inter-connected

' between the plate and ground: The set-up is a first approximation to
the actual one likely to occur in the Instrument Unit. Figure 3. 17

(of 3.5.2.1) shows the method of measuring 12. To check that the
full current through Zz' was being measured, the capacitance between

the plate and ground was measured.

The capacitive reactance was determined to be about 100Q. at 40 Mc
and a distance of 1/4 inch away from the ground plane, while the:

' internal impedance of the wire and plate is about 3 x 10'20 . Thus,

it was shown that only negligible leakage occurred between the plate

and the ground through the capacitance.

27
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51

{0

-4 ©
o
)
I
O
Z

-4 <
(39)
|©
Z
<
—
@
(]

4~

-
| | |
2 2 & &
ap~(&1/h)

CAPACITIVE COUPLING BETWEEN
CLOSELY-SPACED BOXES



i

D2-90642-1

3.3.2 Coupling Between Boxes Interconnected by A Cable

The other lumped-circuit model which was studied is that of coupling

between two boxes inter-connectied by a cable as shown in Figure 3.6

—p—
[l 3
[4 1

|~ CABLE
|~ RECEPTOR

EMITTER\\ / P

CIV77777777777777777777777777777777777277277777777

GROUND PLANE

FIGURE 3.6

’

Originally, two possible mechanisms of coupling were considered.
One was the conduction of a portion of the emitter-box surface current
to the receptor box via the inter-connecting wire. The second was the

inductive coupling between the emitter magnetic dipole and the loop

formed by. the wire and ground plane. It was determined experimentally

(Paragraph 3.5.4) that resistive coupling through the cable was neg-

ligible cotnpared to the inductive coupling.

Figure 3.7 shows the lumped equivalent-circuit model for the case of
inductive coupling which holds when 2r fd< < c¢. For this model,

the surface current ratio is given by

|i2.|=
Il

jooM
Z2 + ijZ
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FIGURE 3.7

Predictions have not been made using this model because of the com-
plexity of determining a value for M. However, two methods are

available adaptable to computer solution. .

One method of determining M, the mutual inductance, is to take two

experimental readings of the ratio 1, to I, at two different frequen-

2 1
cies. Then ehmmdtmg LZ’ M can be solved fo‘r s'mce Z2 is known
from equation 11. However, since magnitudes are being taken, this

procedure is lengthy., The other method involving direct calculation
ot M from its definition is lengthy also. The method essentially con-
sists of replacing portions of the current paths by straight-line
scctions, and cstimating the coupling frofn these. The mutual

mdictance for one such parallel pair is given in Figure 3.8.

1 =
- — 7
s -
</ |7 b

//// /8 V.~

. A /
P L

- b =

L : :
- C >
- a >

FIGURE 3.8

30



D2-90642-1

a b
M= £ fn 1A+a)(B+,b)d +(C + D) - (A + B)
a7 (€ +c)° (D +d) |

A computer subroutine conld be developed for the solution of this equa-
tion, which will allow application of the prediction model to the variety

of box geometries that will be encountered.

* 3.3.3 Results and Conclusions

The results for capacitive coupling as discussed in Paragraph 3.5.2.1
indicate that this type will not cause interference below 10 Mc. Typi-
cal values of surface-current ratios were calculated and checked by p
expériment (see Figure 3.5). The predicted values of -130 db were
verified by the measurements at frequencies less than 2 Mc. At higher
frequencies, there was a noticeable rise in the ratio. This was attri-
buted to inductive coupling increase and to resonances of the shielded
room, wherein the measurements were taken. The requirement that
2n fd << C g not satisfied above frequencies of 10 Mc. Thus,

this model no longer holds, and correlation with experiment was not
expected. However, up to 10 Mc, the measured results were close to

predicted values.

Further work needs to be done to extend the frequency range wherein

coupling can be predicted.

-

3.4 PREDICTION BY NEAR-FIELD EXPRESSIONS

A preliminary investigation'has been made into the feasibility of inter-
ference prediction in an enclosure using the free-space, near-field

- expressions for electric and magnetic dipoles. The purpose of con-
sidering this approach is to see if the resultant expressions are more
readily adaptable to computer solution than the cavity expressions of

Paragraph 3.2.1.
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3.4.1 The Near Fields of An Emitter Loop in A‘ Cavity

The analytic model selected to evaluate the applicability of the near-

field expressions was an cmitter loop acting as a magnetic dipole.

The complete theoretical expressions for the fields in spherical

coordinates in the vicinity of such a source are given by the following

equations
H -I—Se-lkr“\ +-l cos 6
1s ikrs2 1\ .
H9~——"e -—‘+‘—+—5 sin 6
r r r
’ -ikr, 2
E(D - H_I_S e _k_.. - l__ sin 6
X r r2
where k- o2m YU €

f = frequency
r = distance to the observation point
1= current

s = area enclosed by the loop

. ot . L,
and the time dependence, ! is understood. These tield expres-

sions are valid at distances r large compared to the loop radius ro-
It will be recognized that these equations are identical to the field

equations for an infinitesimal oscillating magnetic dipole except that
the magnetic dipole moment m has been replaced by IS, the product

ol the loop current and loop area.
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The three spacial compdnents of the field are mutually perpendicular
~at any point with two being magnetic (Hr and H9 ) and one electric

_ (Ew): It will be noted that there are terms in these field equations

that vary as

—-l3r s —11;, and 1 .
r
r r :
These describe the quasi siatic, the inducticn, and th
ponents, respectively. The quasi static term in 1/r° does not
involve K, and so is independent of frequency. The induction field
term ‘is proportional to frequency being an induced field, and the

radiation term is proportional to the square of frequency.

In the vicinity of the emitter and with K < 1/r, the fields are mag-
netic with the 1/r3 term dominant. The magnetic field components

are then given by

IS cos 6
H = e———
r 2w r3
IS sin 8
He = 4n 3

Calculations were made to determine the accuracy of these expressions
in predicting the fields of an emitter loop in a cavity. Thé configura-
tion examined is shown in Figure 3.9, where it is seen that only.the
Hq component will couple to the pickup loop. Thus, calculations of
Hq were comlpared to the corresponding measured values as shown
in Figure 3.33, Paragraph 3.5.8.

o
. The presence of a finite ground plane is considered by bounding the

problem with theoretical curves for both no ground plane and an
infinite ground plane.
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The results show that the:prediction is good at distances greater than

one emitter dimension away.

Because of tlie preliminary nature of the study-in this area, no definite
conclusions o;'p the applicability of near-field expre's‘sions for predic-
tion should be made. Tt is recognized that this approach would at best
give rough approximations to the fields, and will require further

evaluation in follow-on work.

3.5 EXPERIMENTAL INVESTIGATION

Experimental investigation of various modes of coupling between
equipment boxes in a4 closed structure has been directed primarily
toward obtaining measurements to confirm theoretical results. How-

ever, other experiments have been intended to obtain coupling data

~under conditions that cannot be readily analyzed theoretically. The

ultimate purpose of all experimental measurements is to determine

realistic input data for a digital computer interference-prediction

“program,
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3.5.1 Determination of Leakage Sources per MIL-I-6181D

When considering electromagnetic coupling between two circuits, it is
desirable to know the path or paths of maximum energy transfer.
MIL-1-6181D has a standardized method of obtaining radiation levels.
It was decided to use this method to determine the primary radiation
sources of a typical 'black box'". This method leaves much to be
desired, as far as obtaining an absolute level of radiaiion, but it is
often satisfactory for making relative comparisons. As such, the
data obtained should be evaluated as a comparison of different |

-

radiation mechanisms.

'3.5.1.1 Test Configurations

The MIL-1-6181D test set-up is shown in Figures 3. 10 and 3.11. The
"black box" used in this test was a 12" x 10" x 9" brass box with a
removable lid. A coaxial cable from a signal generator external to
the screen room was connected to the box and terminated in a rod
antenna inside the box. This excitation was designed to give maximum
current flowing over the seam between the lid and the box. The radia-
tion level was measured with the lid on loose and on tight. These

measurements were made with no wires connected to the box.

A three-wire cable was connected between the box and the lirie-

lh

tabilization networkas (LSN's) simulating a power cable. The power
- line was two feet in length and mounted two inches above the table top.
Each of the ungrounded leads was terminated in a line-stabilization
tetwork (LSN). The third wire was grounded to the box at several
different positions. It was noted that a considerable variation in
radiation level occurred as a function of the grounding pos ition,

v
In addition, shielded pairs and coaxial lines were connected to

simulate signal leads.
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3.5.1.2 Results

A low-signal level could be detected with the lid on tight. There was
an increased level with the screws loosened (sée Figure 3.12). How-
ever, when a three-wire power cord was added (terminated in 50 ohms

inside the box and terminated in a LSN outside), the radiated level

_increased substantially (Figure 3.12). An increase also occurred

with ;a shielded twisted pair terminated in a 50-ohm load in the box.
It wais determined that the tightness of the lid did not affect the
measiured level from the wires. This indicates that the lower signal
levels do not measurably add to the radiation levels of higher energy
leakage sources. It was found that when the third wire ground and
shields wére grounded internal to the box, rather than outside, the
radiated level was measurably higher (see Figures 3.13, 3.14, and.
3.15).

The results of this type of test indicate that the radiation level
measured under these conditions is primarily from wires connecting

to the box.

3.5.2 Simulation of Emitter Box as A Magnetic Dipole

A possible source of radio interference is the current flow on the out-
side surface of metallic equipment boxes. A laboratory simulation of
an emitter box acting as a magnetic dipole was made. Theiemitter
was simulated by a sheet of brass, 12 inches square and 0.032 'mches~
thick, with the bottom edge firmly attached to the copper-covered
table. The Sbeet was fed from a signal soufce outside of the screen
room through a well-grounded coaxial cable. The outer conductor of
the coax was 'grou.nded to the table at the level of the copper cover
while the inner conductor continued to the top of the brass sheet. To
'xrﬁprove the uniformity of the current sheet, the center conductor was
split to attach at the three points along the upper edge of the brass

sheet. Input current was monitored by a Stoddart Model 91550-1
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. ' current probe surrounding the extended center conductor of the coax.
With the emitter Vb.o_'x acting as a magnetic dipole; measurements were
made of the induced currents in various types of receptor configura-
tions. Some of the more significant laboratory simulations and results

are discussed below.

~3.5.2.1 Receptor Box as Electric Dipole

The coupling between the simulated emitter box and a receptor as an
electric dipole was determined as shown in Figure 3.16 and 3.17. A
twelve-inch square sheet parallel to the emitter sheet was tested as a

receptor.
The current from ﬁ:he bottom of the receptor sheet to the table top was

\
\
|
monitored. This gimulated a box with connection tq the common |
ground plane only through the box mounting. At frequencies lower ‘

than approximately two megacycles, the coupling was less than the

‘ gensitivity of the test equipment (100 db). At higher frequencies, the |
readings increased as a function of frequency at a rate of approximately |

15 db per octave-; and were independent of the spacing between emitter ‘

and receptor; thus, these readings were actually due to stray fie}ds i

created by high-frequency effects such as resonapt effects and stand- ‘

ing waves on varidus structural elements of the test set-up. The only ‘

positive result of the test is that the induced current in the receptor is ‘

at least 100 db below the inpus current to the emitter at frequencies

- — below two megacycles. This result agrees with the lumped-circuit |
pfediction models which are discussed in Paragraph 3.3. Figure 3. 18 ‘
illustrates the test data. Although a smooth point-by-point plot of the ‘
data is mean'ingleés because of the resonances, the general trend of |

the data is obvious.
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3.5.2.2 Receptor Box as A Magnetic Dipole

Tests were also conducted under conditions differing from that dis-
cussed above by having the wire that carried the induced current
connected to the top of the receptor sheet instead of the bottom. This
simulated a box grounded only through internal wiring. The copper
sheet-to-ground plane capacity completed a receptor loop and was
expected to increase magnetic coupling. A comparison ot data under
this condition (Figure 3.19) with Figure 3.18 shows the same general
increase of coupling with frequency of 15 db per octave. However,
thé current level was higher, as expected, and a decrease in coupled

current as a function of emitter-receptor spacing was evident.

When the bottom and top edges of the receptof sheet were both
grounded (the rest of the set-up remaining as described above), the
induced current varied with frequency and spacing as shown by

Figure 3.20. In this case, the receptor forms a complete conductive
loop, so that considerable magnetic coupling should occur. Below ten
megacycles, the induced current was a slow function of frequency,
increasing only about O. 75 db per octave, and a nearly linear function
of spacing, about 1.25 db per inch. However, above ten megacycles,

the same 15-db-per-octave increase in current with frequency and the

'spacing independence observed under the two conditions described

above was again observed.
It is probable that the curves of Figure 3.18 and 3.19 at lower fre-

quencies would resemble those of Figure 11, if the measuring

equipment had sufficient sensitivity.

3.5.3 Comparison of Current Sheets to Actual Boxes

The box-to-box coupling experiments were further extended to the use
of actual boxes for receptors. The purpose of the test was to show

correspondence between the measurements using simulated and actual
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boxes. Measurements were made usihg boxes of the following

configurations:

a) An aluminum box with all twelve-edges carefully
welded with continuous bead (Figure 3.21),

b) ~ A brass box having the lid tightly sec.ure»d by
machine screws spaced two inches apart
(Figure 3.22).

The induced current was rﬁeasured by a current probe, placed
around a wire running from a corner nearest the table top ground
plane but most remote to the emitter sheét. Measured data, shown
as Figure 3.23, has the same general characteristic as the data for
the thin-sheet simulation (Figure 3.18). The induced current at

frequencies below six megacycles was again too low to be measured.

3.5.4 Box-to-Box Couplin&with Interconnecting Cable

Experimental tests were conducted to find the predominate mode of
two proposed modes of box-box coupling, in the presence of an inter-
connecting cable. The first propo'sed mode was based on the conduc-
tion of emitter currents to the receptor through the interconnecting:
cable. The second mode postulated that the receptor currents were a
result of inductive coupling of emitter magnetic field (transformer

action) into the loop formed by the cable and ground plane.

To evaluate the first mode, a wire was stretched between the emitter
current sheet and a similar receptor sheet mounted on the copper

table cover nine feet away, as shown by Figures 3.24 and 3.25. This
test set-up simulated two boxes having a direct interconnecting cable.
The test results, Figure 3.26, show that the current along the wire 'is
independent of frequency up to about 20 megacycles. The current

along the wire was also independent of the distance from the emitter,

below 20 megacycles.
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FIGURE 3.22
COUPLING SHEET TO BRASS BOX
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The wire was removed from direct contact with the emitter for a test

of the second mode of coupling. This time, the wire ran perpendicular

to the ground plane, one-quarter inch from the emitter face for four

- inches; after a right-angle bend, it continued on to the receptor plate

as for the first mode test.

As shown ou Figures 3.26 and 3.27, there is very little difference
between the current along the wire when it is connected to the emitter
or when it is not connected. Thus, it has been established that the

magnetic coupling is predominant.

"3.5.5 Box-to-Grounded Cable Coupling Measurements

An experiment was conducted to determine the current induced ina ™"
wire or cable shield as a function of the distance between groundingi'
points. The test configuration and results are shown by Figure 3.28.
The current measured on the horizontal wire near the emitter plate
actually decreased at a slow rate as a function of wire length. The
décrease was probably because the principle mode of coupling was
between the current in the emitter face and the portion of the wire
which was parallel to the current. Adding length to the wire loop
increased the impédance of the current path without materially

increasing the induced voltage.

3.5.6 Determination of Receptor-to-Ground Plane Capacitance

The capacity between the copper-covered table and a perpendicular
conducting plate of the size used for box-to-box coupling simulation

was measured as a function of height above the ground plane. The

. result of this measurement and a similar measurement, using a box

instead of a thin plate, is shown by Figure 3.29.
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3.5.7 Magnetic Field Probe Calibration

In order to measure the magnetic field intensity produced by an emit-
ter, it was necessary to calibrate a Boeing-built probe. The probe,
sketched as a part of Figure 3.30, is an electrostatic shielded loop.
The center conductor forms a loop, with.its end short circuited to the
outer conductor. The outer conductor is split so that electric field

coupling is neutralized.

Calibration, as shown in Figure 3. 31, was accomplished by meésuring
the voltage induced in the small probe when placed in the center of the
large probe (uniform field region) as a function of the input current in
the large circular loop. The magnetic field intensity in the center of
the large loop wés calculated from the measured current and loop dia-
meter, and plotted as a function of probe output voltage. The results

are shown by the family of calibration curves, Figure 3.30.

3.5.8 Magnetic Field Produced by A Rectangular Lbop

The magnetic field intensity produced by a rectangular loop of wire
was measiired with the calibrated probe of Paragraph 3.3.7 as a
function of distance from the loop (see Figure 3.32). The loop had the -
same configuration as the current sheet emitter of Paragraph 3.5.2,
except that the thin plate was replaced with wire. Figure 3.33 shows
the measured magnetic field intensity along with the theoretical field
intensity, assuming an infinite ground plane and é.ssum'mg no ground
plane. Since the actual measured data for frequencies higher than

200 kilocycles were essentially independent of frequency, a single

average curve was used to represent the field from 200 Kc to 30 Mc.
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FIGURE 3.32
MAGNETIC FIELD MEASUREMENTS
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4.0 CABLE-TO-CABLE INTERFERENCE

PREDICTION COMPUTER PROGRAM

- Prediction of cable-to-cable coupling by means of a computer program

has been the subject of extensive research efforts at Boeing for many

years. The knowledge gained'from past research 'proérams has been

4.1 SPECTRUM CONCEPT

extended and modified for application to the Saturn Instrument Unvit.,

The basic method of approach in the computer program is shown

pictorially in Figure 4.1.

i

EMITTER

EMITTER

5

RECEPTOR
Ry

CABLE
NETWORK

EMITTER
4 SPECTRUM

|

FIGURE 4.1

4 ATTENUATION
SPECTRUM

SPECTRUM CONCEPT
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‘ Each circuit is given an appropriate emission and susceptjbility
spectrum, since every circuit is capable of being both an emitter

and a receptor of energy.

The emission spectrum is a composite output spectrum of the normal
signal as well as the harmonic and spurious components the circuit

will generate. The susceptibility spectrum indicates what input levelé
would cause significant interference when the circuit is considered as

.a receptor.

Six broad categorxes of basic circuit types have been selected to cover

all anticipated types of circuits. These basic circuit types are:

1) Power,

2) Switch,
3) Signal,
4) Modulated,
5) Servo,
" 6) Squib.
Appendix B ¢ ins the develppment of the emitter and receptor

sug ergﬁ_ﬁﬁéhding to these basic circuit types.

. The emission spegtrum of one circuit can be coupled as interference
into'a second circuit by either intercable capacity or mutual induc-

tance as shown in the equivalent circuit of Figure 4.2.

The computer program generates an effective attenuation spectrum to

represent the cable-coupling network. The attenuation spectrum modi-

LA

fies the emission spectrum, and with additional allowances for shielding ,
and twisting, the resultant spectrum is that present at the receptor

input. A check is made to see if the level of this resultant spectrum’
approaches or exceeds the level of the susceptibility spectrum of the

receptor. A 6-db safety factor is used in the spectrum comparison.

The computer program will predict an interference condition if the
computed spectrum which can be coupled to the input of a receptor is

within 6 db of the receptor's susceptibility level. This safety margin
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FIGURE 4.2 SYSTEM EQUIVALENT CIRCUIT

68




D2-90642-1

can be changed depending on judgment and the fineness required for
the analysis. The 6-db value was selected primarily because it is the
same margin of safety which must be proven in MIL-E-6051C system

compatibility tests.

When the computer finds a potential interference condition, a printout
of the parameters of the two circuits and other diagnostic information
is made. The computer program continues to run until all the emitters
have been checked to see if any one would interfere with any one of the

receptors.

4.2 DERIVATIONS OF COUPLING EQUATIONS .

The equivalent circuit of Figure 4.2 is used to find the amount of
cable-coupled interference. This circuit has been extensively analyzed
(Appendix C) to determine an optimum method of solution for use in
the computer prediction program. The five methods of solution

considered are:

Method 1. Complete Loop Equations,

Method II. Capacitive & Magnetic Coupling
' calculated separately and then
added together,

Method III. Same as Method II except capacitance
to ground and receptor circuit self
inductance is neglected,

Method IV. Same as Method III but impedances
considered real numbers,

Method V. Straight- Line Approximation with
no self inductance.

These five methods have been compared as to validity and analytic
complexity. All five methods include both capacitive and magnetic
coupling, and all give identical answers at frequencies below one
megacycle. Above one megacycle, the solutions vary from the exact

solution (Method I), depending upon the amount of simplification used.
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It is desirable to employ the simplest approach possible consistent
with the attainment of specified prediction accuracy. The results,
Table I, show that the simplest approach (Method V) is by far the
most practical, because it does not impair accuracy beyond tolerable
limits and greatly reduces the computation time of the computer:

prediction program.

TABLE 1.
Error Error Maximum Normalized
Method ‘at 1 Mc at 10 Mc . Error . Computation Time

I : 0 db 0 db 0 db 1.0

11 0 db 2 db 6 db 0.5
111 , 0 db 1.5 db 6 db. 0.25
v 0 db 3 db 6 db 0.09

v 0 db 5 db 6 db 0.009

The computer has been programmed to use the coupling equations of
Method V given in Appendix C. By use of these equations, a single

I IR T ~
aicuiation to

(a}

]
Saem La ~~se v H H
ind the corner frequency allows complete determination

of the attenuation spectrum of the coupling networks.

4.3 COMPUTER DETERMINATION OF MUTUAL

LENGTH BETWEEN CIRCUITS

The interference coupling between circuits is caused by intercable
capacity and mutual inductance. Each of these quantities is a function
of the mutual length existing between the two circuits. Thus, a com-

puter prediction program must have the capability of determining
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. _mutual length between arbitrary wire routes. A practical method to
' do this has been developed for the cylindrical structure represented

by the Saturn Instrument Unit.

4.3.1  Coordinate System .

A cylindrical coordinate system has been chosen wherein any point is

R N o s B S~ TS [EadY ™. 3:.._ 1D\ PR, | A e Y o 1 AN o~ P
auciiucea Uy Ddlativil (O, Nauius (n), auu Angle (A, as snuwil L

=

Figure 4.3.

TOP

FIGURE 4.3 VEHICLE COORDINATE SYSTEM

For the specific geometry and equipment layout of the Saturn Instru-
ment Unit, all the radius values can be considered constant. Each

~circuit will be given a w'iring routing code in terms of the S and A

ﬁ. parameters (e.g., SmAm, SmAl’ S1 LR SnAn)’ where m _
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subsgripts are the originating plug coordinates and the n subscripts
are the terminal plug coordinates. Thus as an example, the routing

of the two circuits shown in Figure 4.4 would be encoded as Table II.

TABLE 1II.
WIRE ROUTE TABLE
CIRCUIT 1 CIRCUIT 2

S8 S3A4

5,4, 538,

514, 514,

S184 5145
A A A A
% |2 13 I4 15
| t ] t

4 | i)
et =" I “

| /2 b
__L_-————-——'F | |
] | '
' |
' |
| [
- )

—— — —4

SO -
FIGURE 4.4 CYLINDER ROLLOUT VIEW
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4.3.2 Mutual Length Determination

To determine the mutual length, the wire routing table for the two cir-

(@1

uit

1

n

will be tested as follows. Circuit (1) route table is searched for

ZAI’ SZ'AZ.
Then, circuit (2) is searched for the identical consecutive station

two consecutive station entries that are identical such as S

entries. When none is found, this means that there is no mutual

- length along that station line. The circuit {1) table is searched for

the next consecutive station entry (SIAZ’ SIA4)‘ Searching circuit (2)

shows it has the same identical consecutive station entry (SlA 51A5)'~

; 2’
Thus, there is a potential of mutual length at Station Sy between

circuits (}) and (2).

The amount of mutual length is found by arranging the angle values in

ascending order as shown.

(2) 2

The computer compares the X column entries and selects the largest.

(This is the start of the mutual length.) For this case, it is A The

5"
minimum of the Y column is selected (this is the end of the mutual
length), and for this case, it is A4. Finally, Ym'm - Xmax = A4 - AZ

if found. This last answer is the mutual length if positive. Note, if
it comes out negative, there is no mutual length. The latter occurs

when circuit (1) stops before circuit (2) starts.

The mutual length so determined is expressed as an angle in degrees
or radians and must be converted to units of length using the relation

2 = RA;

R is the cylinder radius
A is the angle in radians .
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The same procedure is followed in searching the circuit route tables
" for two identical consecutive angle entries in each circuit.  This
indicates’a patential mutual length along an angle line. The resulting

pairs are ordered again in table form,

N y
(1) S] | . 52‘-
(2) 5 53

2" Sl' with
the. same check on polarity as before. The total mutual length is then

and testing as before, the mutual length is found to be S

~

Im =R(A, - Ay + (S, - 8,)-

4.4 ° GENERAL PROGRAM OPERATION

4.4.1 Program Flow Chart

The general operation of the computer prediction program is given in

the Program Flow Chart in Figure 4.5.

The card input data to the program describes the collection of circuits
to be examined for the purpose of prediction of cable-to-cable EMI.
A collection of wire routes is also input on cards: the data sheet for
each circuit includes a reference to one of these wire routes, thereby

defining the position of the circuit within the vehicle.
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ENTER CIP

READ INTERFERENCE SAFETY MARGIN

el
-

©
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THE SAME
CIRCUIT?

COMPUTE UNITY COUPLING

.Tx - RX DIFFERENCE

SPECTRUM

INTERFERENCE
POSSIBLE?

COMPUTE MUTUAL
WIRE LENGTH
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‘Each circuit represented in the input data must be one of the following
six types, according to its signal characteristics: power, switch,

signal, modulated signal, servo, and squib. A description of these

[¢]

ircuit classeg and the models used for the emitter and receptor sus-

ceptibility spectra for each class of circuit are described in A'ppendix B.

As each set of input data cards describing a single circuit is read, the
emitter and receptor spectra are constructéd for that circui't. When
an emitter spectrum has been so constructed, that spectrum and all
coupling information input for the circuit is written on magnetic tape
or drum. A similar set of data is recorded on tape or drum whenever
a receptor susceptibility spectrum is constructed for a circuit.  After
all'sets of circuit-description data cards have been read and the spec-
tra constructed, then two lists of spectra and coupling information are
available. All circuits which may function as emitters have the neces-
sary descriptive information entered in one list, while the second list
is similarly made up of such information for each of the receptor

circuits.

\

For each emitter-receptor circuit pair to be examined, the program.
first makes a unity coupling test (i.e., checks for the possibility of
interference when all the emitter energy is coupled into the receptor
circuit). If no interference can result under this condition, no further
examination of this emitter-receptor pair is made. Otherwise, if
interference is a possibility, the program computes a "mutual wire
length'' for the emitter-receptor pair, the mutual wire length being
the distancé the circuit leads travel together in the vehicle. No fur-
ther examination need be made if the mutual length is zero; the
emitfer-receptor pair is not considered a potential interference pair.
Otherwise, a coupling spectrum is computed on the basis of mutual
wire length, mutual inductance and capacitance between the circuits,

and whether the circuit leads are twisted or shieldedA.
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The emitter spectrdm is then "attenuated" by this coupling spectrum
to provide an interference spectrum. If, at any frequency, an ordinate
(voltage level) of this interference spectrum is within the safety mar-
gin of being greater than the ordinate of the receptor susceptibility
spectr\im at that same frequency, the two circuits are considered a
potential interference pair. The emitter, receptor susceptibility, and
interference spectra are then printed to assist in diagnosis. The
entire process is continued until all possible emitter-receptor circuit

pairs have been examined.

A detailed discussion of the ‘prograrﬁ inr;\ut preparatio'n and major

subroutines can be found in Appendix D.

4.4.2 Storage Requirements

The major requirement for data storage is for storing computed spec-
tra data and circuit input data. (The input data for each circuit is to
be retained throughout execution by the program‘for use in printing
diagnostic informa_tion whenever ény circuit is one of a pair of pre-
dicted potential interference circuits.) Each circuit may have either
an emitier specfrum or a receptor susceptibility spectrum, or both.
For the rﬁodels currently used to define the various spectra types, an
average of about 30 computer words are required for the storage of

each spectrum and the associated circuit coupling data. Thus, for a

‘vehicle system consisting of up to n circuits, up to 60 n words are

needed to store this spectra and coupling data.. (A more exact esti-
mate would, of course, be 30[2n - ng - nr] words, where n, the
number of circuits having no emitter spectrum, and similarly for n

and receptor susceptibility spectra.)

The present phase of the EMI program stores all spectra-coupling
data and circuit input data on drum and tape.

.
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It is estimated that a program which stored all spectra-coupling data
in cére rather than on tape or drum would require 10,000- 13,000
core locations for storage of the program itself and other necessary
data. Ina 32 K computer*(e.g. , the IBM 7094) then, some 20,000
core locations would be available for storage of spectra-coupling data;
so that a vehicle system consisting of somewhat more than 300 circuits
could be handled by the program. In a 64 K computer (e.g., the SRU
1107), some 50,000 core locations would be availabie for such use,
and in this case up to 800+ circuits could be dealt with. In either
case (a 32 K computer or a 64 K computer), it is assumed that all
circuit input data would be stored on tape or drum, as is the case in
the present program. It is also assumed the models used for spec-
trum computation (coupling attenuation, etc.) wduld require approxi-
mately the same amount of core area for the storage of the program

itself as do the presently-used models.

The present phase of the cable-to-cable EMI program uses both core

and auxiliary tape /drum storage.

Six system input-output units (magnetic tape or drum) are used for
intermediate storage of the original circuit input data, and thé com-
puted emitter and receptor susceptibility spectra. The program
currently uses three of the tape units and three of the logical drum
units available on the Boeing SRU 1107 for this scratch storage.

Each record or collection of information describing a single spectrum
consists of 25- 35 computer words, so for a vehicle system consisting
of n circuits, storage of up to n records of 25- 35 words each on a
single tape or drum unit is required. Three units are used for such
storage. The number of words required for the storage of the circuit
input data is about 25 n. Three units are used for the storage of this

input data.

A '"32 K Computer" is a computer having 32,000 core
storage words.
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Wire route information is currently placed in core storage after being
read from the input cards. Only if very large numbers of wire routes
are used in the future, for any one vehicle system, will it be neces-
sary to assign an additional tape or drum unit for storage of wire ‘

route inforrnation.

Approximately 9,000 core locations are required_fér the storage of
the program itself, as compiled on the SRU 1107. The core data
storage requirement is approximately (1000 + 5nW + an + 2np) words,
where n is the number ‘of wire codes available (currently n‘w = 41),
n_ is the numbe;' of wire routes to be included in the data card input
to the program, and np is the totél numper of station-angle pairs in

all the n wire routes.

With respecit to the present program then, any large scientific com-
puter systerlp has a'more than adequate core and auxiliary storage

capability (e.g., the Boeing IBM 7094 - 32 K core storage, 18 tape
units on 3 channels; or the Boeing SRU 1107 - 64 K core storage, 6

tapes, 4 drums on 3 channels).

4.4.3 Adaptibility to Other Computers

The present pfogram is written in the FORTRAN IV programming

‘language; so it may be used with only minor changes on any computer.

system having a FORTRAN IV compiler, such as IBM 7094, SRU 1107.

Such changes would include reassignment of logical input-output unit

" numbgrs or substitution of program names used for standard library

subroutines.

Future phases of the program will also be written in FORTRAN IV so
as to make the program as compatible as possible with various com-

puting systems. One possible exception to this general FORTRAN 1V

compatibility is discussed in the section on future program optimization,

Paragraph 4.8.
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4.5, AUXILIARY PROGRAM CHARACTERISTICS -

4.5.1 Wire Table Characteristics

The coupling of energy between wires can be calculated in accordancé_
with formulas pllesented in Appendix C of this report. These formulas
include ithe physical properiies aud dimensions of wires. Since any
cabling system contains many sizes of wire, shielded and unshielded, a
table of look-up (Table III) was made and coded so that the computer
could refer to the code and store all the necessary wire parameters.
This avoids the burdensome task of entering wire characteristic infor-
mation on each data input sheet. This table was developed after the
Saturn wiring drawing 40M30627 was reviewed to assure that the table

would include all the wire types used.

For each wire code number, the table indicates whether the wire is
twisted and/or shielded, the diameter of the metallic conductor, and
the total diameter of the wire bundle (this takes into account a twisted

pair, twisted triad, and twisted quadrad).

In addition to this table, the dielectric constant of the wire insulation

is specified for the system.

The table is adaptable to any system and can be expanded for larger or

smaller wires.

4.5.,2 Data Sheets

When determining electromagnetic coupling between circuits, a num-
ber of variables affect the coupling. Likewise, a number of variables
affect the degree to which circuits are susceptible to this coupled

energy.
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!5‘ TABLE 111
WIRE CHARACTERISTICS TABLE
d Diam. of dy
- Cond. Wire and Total Dlam.
: ' Diam. Insulation of Bundle
- Wire Code Size Twisted Shielded (mils)  (mils) (mils) Configuration
E .CO 26 0 0
E 0i 24 0 0 26 43 43
- 02 22 0 0 33 50 50
* 03 20 0 0 41 58 58 4
04 1C 0 0 52 70 70
05 16 0 0 60 80 80
06 14 0 0 )
07 12 0 0
0¢ 10 0 0 :
09 8 -0 0 140 160 160
10 26 B 0
11 24 1 0 26 43 90
12 22 1 0 33 50 104 L
13 20 1 0 4} 58 120
® 1C 1 0 52 70 144
15 16 1 0 60 80 164
16 14 1 0 ' »
17 12 1 0
- 18 10 1 0
19 3 1 0
20 26 1 0
21 24 I 0 26 43 99
22 .22 } 0 33 50 114 ®
23 20 . 0 41 58 131 e o
24 18 1 0 52 70 157
25 16 1 0 60 80 178
26 14 1 0
27 12 1 0
28 10 1 0
29 8 1 0
30 26 1 0
31 24 1 0 26 43 110
32 22 1 0 33 - 50 127 e o
33 20 1 0 4] 58 146
34 18 1 0 52 70 176 ° o
'35 16 1 0 60 80 204
= ‘ 6 . 14 1 0
, 37 12 1 0
3G 10 1 0
39 8 ] 0
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TABLE Il (cont.)

WIRE CHARACTERISTICS TABLE

82B

d Diam. of  dj
Cond, Wireand  Totai Diam.
Dlam. Insulation  of Bundle
Wire Code  Size  Twisted Shlelded (mils)  (mils) (mtls) Conflguration
40 26 0 1 _
41 24 0 1 26 43 87
42 22 0 ] 33 50 94 ®
- 43 20 0 1 41 ' 58 102
4 18 0 1 52 70 114
45 16 -0 1 - 60 80 120
46 14 0 1
47 12 0 1
48 - - 10 0 1
49 - 8 0 1
- 50 26 ] 1 ‘
51 24 1 1 26 43 130 |
52 22 1 1 ‘33 50 144 , S
53 20 1 1 41 58 . 166 @
54 18 1 1 52 70 184
55 16 1 1 60 80 204
56 14 1. 1
57 12 1 b
58 10 1 1
59 8 1 ]
60 26 1 1
6l 24 ] 1 26 43 139
62 22 1 | 33 50 154 :
63 20 1 ] 41 58 171 -
64 18 1 1 52 70 197 )
65 16 1 1 60 80 218
66 14 1 1 ’
67 12 i 1
68 10 1 1
69 8 1 1
70 26 1 1
71 24 1 1 26 43 150
72 22 1 1 33 50 167
73 20 1 1 41 58 186
74 18 1 i 52 70 216
75 16 1 ] 60 80 244
76 14 1 1 '
77 12 1 1
78 10 1 1
79 8 1 1
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When using a computer for prediction of coupling and susce'ptib‘ility,
t‘he variables need to be programmed into the computer. To accom-
plish this, aata sheets have been prepared for the six basic cibrcuit
types discussed in Paragraph 4.1. A sample of each data sheet is
given in Figures 4.6 through 4.11. One of the prime considerations
in developing the data sheets was to minimize the time required of the

user to fill out the sheets:

Information is required to define the specific circuit and wire in a
cable. The route that the wire follows is defined by a route plan num-
ber. This has the advantage of not requiring this information to be
included on each data sheet. Likewise, only a wire code number needs
to be entered on that data sheet. This again saves the time required

to enter wire size, diameter, shielding, etc.

The circuit characteristics required to define the coupling, generated.
spectrum, and the susceptibility levels have been kept to a minimum.
Further details and refinements could be used that might give levels
slightly closer to the true values. However, worst-case situations
have been assumed in making approximations. These approximations

are extremely useful, since even the minimum information is difficult

_to obtairil. The more detailed circuit parameters often are not known.

until late in a program. The net results are a considerable savings
in time, and the ability to approximate many ‘parametefs based on

“wa o
1113 .

oS

previous progr

4.5.3 Shielding Effectiveness

On the basis of laboratory measurements made under controlled con-
ditions, several significant changes and simplifications have been made
in the shielding effectiveness curves used in the computer prediction

program for the Saturn Instrument Unit.
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For the testing, wires were mounted inside a 69" diameter aluminum
cylinder, 29' long. The wires were separated 15 inches from the

cylinder wall by wooden supports. Shielding effectiveness against

- interference coupling can meaningfully be measured only when the

electrical length of each wire under test is short compared to the
wavelength of the signal it carries. Laboratory results indicate the

line length should be less than 1/16 wavelength.

Initially, coupiing between unshielded wires was measured for several

circuit configurations. Magnetic (low impedance) fields for these

measurements were produced by terminating the transmitting wire in

a short circﬁit. Electric (capacitive or high impedance) fields were

obtained by terminating the transmitting wire in an open circuit. The

- receiving wire was terminated in 50 ohms at the far end, and in the

receiver 50-ohm impedance at the near end.

Based on laboratory measurements made under controlled conditions,
several significant changes and simplifications have been made in the
shielding effectiveness curves used in previous computer-prediction

programs.

Figure 4.12 shows the shielding effectiveness against capacitive‘ coup-
ling. It should be noted that a shield is more effective when it is on
the receiving wire. This is because the capacitance between the wire
and shield lowers the effective impedance of the receiving circuit,

making it less susceptible to capacitive coupling.

Figure 4.13 shows the shielding effectiveness against inductive coup-
ling. Here again, the shield is more effective on the receiving wire.
This is because, for the same applied voltage on the transmission

wire, the current is increased when the wire is shielded. The larger
current will induce a larger voltage in the receiving wire and reduce .

the apparent shielding effectiveness.
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4.5.4 Twisting Attenuation Factor

Considerable laboratory work has been performed to determine the
attenuatial)n effectiveness gained by having a twisted pair rather than

two straight wires.

The original computer-prediction program used a value of 14 db if the
wires were twisted. The laboratory data indicates that a much more

realistic ngure could be used.

’festing was performed over the frequency range of 1 Kc to 10 Mc for
inductivel;}- and capacitively;coupled circuits. It should be noted that
an induc'ti\.iely-coupled circuit has come capacitive coupling and vice
versa. This level for capacitive coupling was 40 db below that for
inductive coupling. When a wire pair was twisted, the inductive-
coupling level dropped 40 db or more. The actual level was below
thatfor the stray-capacitive coupling. Thus, by twisting the wires,

inductive cotipl‘mg is reduced by at least 40 db. Whereas, twisting the

‘wires has negligible eftect on capacitive coupling. It should also be

noted that twisting both the emitter and receptor pair does not neces-
sarily reduce the coupling beyond that obtained by twisting exther one
or the other.

¥From this data, it will be observed that the definition of inductive and -
capacitive circuits needs to be established in such a way that the com-

priter can establish an alppropriate attenuation level.

4.5.5 Test Circuits Used for Checkout

Upon completion of the computer program coding, a number ot sample

circuits were chosen for checkout of the program. These consisted of

~ samples of each major type of circuit. Typical circuit parameters

were chosen, based on information from-previous programs. A typi-
cal rome plan was set up and random wire codes were chosen for each

circuit.
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There were a tofal of nine circuits considered and computer calcula--
tions were performed for determining interference between each
combination. A number of the intermediate stéps and calculations
were printed cut to be compared to hand calculations. During this
checkout, several minor programming mistakes were discovered, and
several formulas were discovered which had been improperly pro-
grammed. These errors were corrected, and it was verified that the

computer program was properly calculating the mformatxon desired.

" 4.6 COMPUTER ANALYSIS OF INTERFERENCE IN

SATURN INSTRUMENT UNIT CIRCUITS

After the computer-prediction program was developed arid cﬁecked out,
its capabilities were applied to an actual system. A portion of the
Saturn Instrument Unit in the Saturn launch system was chosen for this
purpose. The portion of (Figure 4.14) the Saturn IU examined was |
the Guidance Signal Processor and its intertie with the FM/FM and
PCM Telemetry, Control and Power Distributors and the Command
System. Since little information was available on the functlonmg of
the umt, sample circuits were chosen. The prxma.ry source of infor-
mation on circuit parameters was "Technical Manual, Field Mainte-
nance Instructions, Guidance Slgnal Processor NASA Model GSP-24
(IBMP/N 6740000)". Interconnecting wiring information was obtained
from NASA documents 40M30627 and 10M70390, and NASA drawing
10M20379.

The circuit mformatlon in the document was mcomplete and scattered
throughout it. Thus, a good portion of the required information for
mterference prediction had to be estimated, based on experience with
"similar" types of equipment. This should be kept in mind when

evaluating the accuracy of the results.
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Actﬁally, this illustrates the usefulness of the program, since results
can be obtained even under these conditions. When the computer pre-
dicts interference problems between certain circuits, then further
analysis can be made in specific circuits rather than all of these cir-

cuits. The circuits were chosen that represented a good cross

~section of circuit functions.

Each wire involved in the cables selected was tabulated and the para- .
meters of the circuits listed as far as were known. Then each circuit

was classified into one of the six basic circuit categories.

The parameters were entered on the data sheets, and computer input
cards were punched. There were a total of 52 circuits compared for
possible interference. Thus, there were 2,704 cases considered.
Ordinarily, there is interest in 'mterferencé signals that reach or
exceed a level 6 db below the susceptibility level of the receptor cir-

cuit. On this run, there were 196 cases indicated where this was the

case. Ninety-four of these indicated levels exceeded the susceptibility'

level.

An analysis of the results at this point can indicate a great many things
about the system. For instance, there are certain receptors that are
susceptible to a lérge number of other circuits, while some emitters
are ;interfer'mg with a large number of circuits. This information
narrows the area of investigation to é few specific circuits. These
could be poorly designed, but more likely insufficient details were
known initially and improper approximations were made. For the
sample run on the Instrument Unit, 8 circuits accounted for 146 of the
196 predicted problem areas. The other 50 cases were distributed

among 11 other circuits.
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4.7 FEASIBILITY OF PREDICTION ON LARGER SYSTEMS

In principle, there is no limit to the size of system that can be evalu-
nt

ated for interference prediction by the pres
The program could be extended to such larger electronic complexes as
the Instrument Unit, booster stages, payload (e.g., LEM, Apollo

Command and Service modules), and the ground checkout equipment.

Possible limiting features are the following: computer storage limi-

tations, computer operating time, manpower and time to gather

information and fill out data sheets.

As is indicated in Paragraph 4.4.2, the total storage capabilities
using drums and tapes is large enough that it is not a consideration.
However, the computer operating time becomes the main point of
interest. For the 50 circuits that were checked on the Instrument
Unit package, the operating time was about 23 minutes. . During this
tir.ne, the emitter and receptor spectra were constructed and 2500
comparisons made for possible interference. About 12.5 seconds
were required to construct the spectra and the remainder of the time
was spent in checking for possible interference. However, because
of time-sharing aspects of the computef, it hag not yet been deter-
mined what portions of the program required the most time. Thus,
the time required for a larger-numbér circuit has not been fully deter-
mined. The indications are that this computer-operating tirne will be
the primary limiting factor. It should be noted that each single

comparison requires about one hour to hand calculate.

Checking is underway to define more specitically the aspects of the
program that are consuming the majority of the time. The use of

core storage for 800 or fewer circuits will decrease the time from

~that when using tapes or a drum storage. Also, consideration is being

given to a modification which will allow identical circuits with different

route plans to be treated in a less redundant manner .
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The fact of interest for the area of the Instrumentation Unit circuitry
that was under consideration is that only 15% of the wires had "differ-
ent" signals for a given route plan. Whether this is unique or not will
remain to be seen. However, the fact remains that of the total number
of wires in a system, a large percentage carry the same or similar
signals, or are ground-reference lines which are neglected. Raising
this to a possible 25%, there would only be 625 circuits to checkout of

the approximate 2500 in the Instrumentation Unit.

4.8 FUTURE PROGRAM OPTIMIZATION

The greatest possibilities for improvement in the EMI program per-
formance lie in the reduction of program execution time through
reducing the time presently used in input-output operations. The pre-
sent iG‘ORTRAN IV program performs much repetitive tape /drum
reading of spectra-coupling data and cé.n do no computing while this
data is being read into core storage. The incorporati‘on into the pro-
gram of some means of simultaneous computing and input would thus

significantly reduce execution time.

The standard FORTRAN language, however, does not provide for
parallel input-output and computing, and thus any parallel processing
capability must be implemented especially for each computer'system.
One means to accomplish such parallel processing is provided by
NTRAN, a program system available for use with the FORTRAN 1V
of the Boeing SRU 1107. The incorporation of the NTRAN capability
into the EMI prediction program would thus reduce execution time,
but such a versioﬁ of the program would no longer have the general -
FORTRAN 1V feature of program compatibility with many computer
systems. There is, for example, no similar capability currently
available with the FORTRAN IV of the Boeing IBM 7094.
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Another approach to reducing time spent in reading information from
tape or drum is the abvious one of elimination: rather than store all
spectra and coupling data on tape or drum as is presently the case,
this data could remain in core storage. The desirable feature of.
general-program compatibility with computer systems having the
FORTRAN IV capability would then be retained. A discussion of the
limitations placed on the size of a vehicle system to be considered by

such a program is given in Paragraph 4.4.2.

-
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5.0 CONCLUSIONS & RECOMMENDATIONS

5.1 - FEASIBILITY OF INTERFERENCE
' PREDICTION IN CAVITIES

In Section 3.0, some aspects of the electromagnetlc theory of cavity

re sonators uave uc

(‘l»
o
i
Lo}
LQ
w
a
5
o
L

4 The’ purposc o
been to demonstrate that it is feasible to calculate the interference

field everywhere in a vehlcle enclosure, and so to obtain the neces-
sary information for interference predi:ction. When the geometrical
structure of the vehicle enclosure forms constant coordinate surfaces

of a separable coordinate system, or when it can be reasonably approxi-
mated by such a structure, the derivation of the forced field is rela-
tively sirﬁple (provided that the equipment.boxes do not o‘ccupy an
apprecia}.;le fraction of the total volume). This includes the most
important practical types of vehicle enclosures, the rectangular prism,
the circular or elliptical cylindrical box, the sphere, the ellipsoid and

the circular cylindrical box with an inner conductor.

Present cdmpu‘ter techniques are applicable to the calculation of the
field qdantities from the derived generalized solutions. The computer
program would initially consider the Instryment Unit as a regular

cavity with the fields expressable as sums of weighted characteristic

_functions. The hand calculation of the coupled interference, using

these compllcated-expressmns, would involve enormous difficulty, but
use of a large-scale digital computer will make the prediction

calculations relatively easy and inexpensive.

Small irregularities along béundaries may be taken into account in the
computer calculation of the characte;'istic functions through application
of perturbation theory. Provision for such a modification of the char-
acteristic functions in the program does not appear to present any

major problems. All combinations of emitter-receptor coupling will
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be' processed. The computer execution will he quite low for each
evaluation, but may become substantial after considering all situations.
This execution time will not be unacceptably high, however.

Variational methods are available for more complicated structures or

for enclosures which contain a large number of equipment boxes.

The theory is valid for arbitrary sources characterized by knowi
electric and magnetic current distributions. Since exact evaluation of
the surface currents on an interference radiator appears to be a very
difficult task, either by experimental or analytical methods, the basic
assumption in this section has been that the radiating device may be.
represented by equivalent electric and magnetic dipoles. This
implies two éconditions: first, that the dimensions of the radiator are
limited to a fraction of the wavelength of the interfering frequency:
and second, ,that the field in the cavity can be accurately determined

only for 'poirits some distance away from the source.

_The.st‘rength’s of the equivalent dipoles may be best obtained experi-

mentally by the shielded-room technique. This also implies that the
interfering equipment is available for measurements or that specifi-
cations onthe interference-producing device are established in terms

of equivalent electric and magnetic dipoles.

5.2 RECOMMENDED FOLLOW-ON RESEARCH E¥FFORT

The report presents an engineering technique to evaluate the interfer-
ence caused by radiating equipment in a space vehicle. To extend the
range of the épplica_bility of this technique and to test experimentally
the a"nalyt’ic assumptions, further research in some areas is required.
A program for future work may be best summarized by the following

outline.
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1. ‘Experimental Verification of Interference Prediction

To test the analytical and experimental work of this report, a full-
scale simulation of a typical space system enclosure is proposed..
Construction and design of such a model would be directed toward
obtaining measurements which confirm theoretical assumptions and

indicate problem areas which need further investigation.

The simulation would use a shielded room to represent a vehicle
enclosure. Initially, electric and magnetic probes will be mounted on
the walls and measurements made of the fields coupled between probes
will be compared to analytic predictions. Actual equipment-type boxes
will also be mounted on the walls and excited to represent electric or
magnetic dipoles. Variations will be made in the number of boxes

installed as well as the location, size, and shape of these boxes.

II.  Shielded-Room Technique : 7 o o "i

Further analytical and exﬁerirﬁéntal work is réqutred to establisha  ~— -
general method of determ'in'mg the equivalent dipoles of an interference
radiator. The shielded-room technique described in this report is
applicable to low frequencies and to small radiators. An extension of

this method is required to include the effects of the resonance of the

room and the size of the radiator. As an overall check on the shielded-
room technique, a compariscon should be made between the fiéld

intensity values determined by this technique as opposed to those

determined in free space.

II1. Equivalent Lumped-Circuit Model

- :
Some progress has been made in this report to determine the interfer-

ence field at distances close to the radiator, but the techniques are -
not fully substantiated at this time. The most promising approach to
this problem is the lumped-circuit method described in Section 3.3 of

this report. However, the experimental difficulties encountered due
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to stray pick-up and reflecting properties of the surrounding room
have been such that no definite conclusions could have been reached

from the experi‘mental data. Further experiments are needed to

‘develop a lumped-circuit model.of two or more equipment boxes at

close distances.

Iv. Numerical Methéds

The various methods of calculating the electromagnetic field, as pre-
sented in this report, are satisfactory to obtain engineering results
for most cavities. The application of the variational methods requires
cc:rtain amounts of preliminary analytical work which may become
excessive when complicated geometrical structures are considered.

A numerical method appears feasible for computer prediction of
e]ectromagnetic fields in any type of cavity. The numerical method is
based on the principle that boundary-value problems can be solved by -
replacing the partial differential equation by the corresponding differ-
ence equation, and then solving the latter by a process of iteration.
Some work to develop the method has been done in the past (References
6 and 7), but further research is re.quired to improve the technique. .
Full development of this method would allow rapid calculation of the

electromagnetic field in any cavity by means of a digital computer.
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APPENDIX A

ELECTROMAGNETIC THEORY OF CAVITY RESONATORS

Al ELECTROMAGNETIC FIELDS IN IDEAL CAVITIES

The excitation problem of ideal cavities due to electric and magnetic

sources is solved by considering the characteristic modes of the

cavity. Each mode must satisfy the field equations o
ET = - .w. —b,A 0 = 3 P
VX i jwuH, VxH = jwc€E,

where i is the mode index, € and # are the constitutive parameters
of the dielectric medium enclosed by the cavity, and w. is the angular
resonant frequency of the mode. By eliminating Ei or Hi from the

above equations, the homogeneous wave equations are obtained

(A.1)
: VxVxHi-ki Hi=0
wh-eref,_

Each of these wave equations, coupled with the boundary condition
—
n x Ei =0 on S,

.

where 1 is the unit normal directed outward from the cavity

- boundary S, is a characteristic value problem.
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Hence, for real € and W, the characteristic values are real, and the

mode factors E H form a complete orthogonal set.

By normalizing
the mode vectors such that

/I[e_ﬁ,,'f.*dV:g()‘#J and
L liéj '
.”f“ﬁ-i'ﬁ"dv 30”!3‘
J .
1i=3j

any field due to sources in the cavity can be expressed as

:z AE
1

(A.2)
— | —
H =§: BH ,
~ 1 i
i
where Ai.and Bi Aare constants determined by the sources of
excitation in the cavity.
For eledtric current sources, J, in the cavity, the fields satisfy
equations
L — ¢ et —— . ———
VXE = - juuH,  VxH = jeeE + 3T
where @ is the angular requency of the source. The two field
equations reduce to the irhormnogeneous wave cquation
- D —— '
VxVXE -k E = -jwn J, (A.3)
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where,

k=wr\'/ﬁ—g.

By substituting equation (A.3) into the first of equations (A.2) and

-7

using the first of equations (A.1), it can be shown that

——-
*
J

—
3)
.
e

-

(.2 2\,
\i ¥ JrE

——
}-5) = 2. es

N'a
2, i
i

1f each side of equation (A 4) is multxphed by E and integrated over

* the volume, V, of the cavity, the constant Al is found to be

W ——
-—%——Ejy}-ﬁ?(w
wi“- w b

|

Hence, the first of equations (A.2) becomes

E z_l"% ﬂ]‘_—-_ﬁ’*dv, | (A.5)
1

and the corresponding H, obtained from the field equations, is

7oy i [y
H:Z =l J-E*dv

w-wz :
i (A.6)
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Similarly, for magnetic current sources, M, within the cavity, the

—

wave equation in H is

which, together with the second of equations (A.2), gives the constant B.l

*Iw —
B = ij * H* dv
wi - Ud 1

—

Hence, the fields due to a magnetic current source, M, in a cavity are

wz

E:E e .[”M-H* A (A7)
i . ' ‘

z u“‘"wl ﬂfM L -’ (A.8)

i

Adding the equations (A.5) and {A.7), the total electric field due to a

A .
- general source is

f[f[w.} . E* * M- ] av (A.9)

c“'-w

Similarly, adding (A.6) and (A.8),

TN jﬂ[ - B E* + @M . Hi‘] av (A.10)

i
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A.2 PERTURBATIONAL AND VARIATIONAL METHODS

The theory of the skin effect for metallic boundaries permits one to

calculate the effect of lossy walls on the characteristic modes and

characteristic values of the resonant frequencies. The relation between

the tangential electric and magnetic field components on the wall is

THEL LU VES 7o,
8

’

(A.11)
Z = ;
8 RS +st

where T is the unit normal directed into the cavity, W and O are the
magnetic permeability and the conductivity of the metal, and Zs‘ is its
surface impedance. The perturbational expression for the change in
resonant frequency can be obtainedrby considering the fields in the

original loss-free cavity and in the cavity with lossy walls

- —

Y XEO = -jwoy HO, VxHo =‘jw0( E0 (A.12)
VXE - -juu H, V xH = jue & (A.13)

—

where EO' I—IO, 0’0 rfprisent the field and resonant frequency'_of the
original cavity, and E, H, w represent the corresponding quantities
of the perturbed cavity. By scalarly multiplying the second of
equations (A.13) by EO and the first of equations (A.12) by -ITI, and
by adding the two equations, the result is

—— e

) T .14
v HxE) = juE E, j“o“Ho‘H (A.14)
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- . Similarly, irom the second of equations (A.12) and the first of
- equations (A.13), it can be obtained N

VvV :(H xE):jwuH-HO—oneE « E (A.15)
where the vector identity,

has been used. Finally, by adding equations (‘A. 14) and (A.15) and
integrating over the volume of the cavity, the change in resonant

frequency is given by

I —JHZH-IiO ds

- ‘ 0 [ﬂieﬂ c By - H - H) av (A-16)

This is an exact expression for the new resonant frequency due to
lossy walls when the impedance condition in equation (A.11) is valid.
The perturbational method consists of replacing the unknown fields by

, the known E()’ EO fields. The new resonant lrequency, w , becomes
complex (i.e., with real and imaginary parts. The excited field near
a complex lresonant frequency can be calculated by considering the

total field (say E field in equation (A.9)) as a function of complex

frequency. p,

E(p) :z BRI m [p J+E*+w M-+ H*| dv
P - wl i 1 1
’ i
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Assuming that the source is ffequency independent, E(p) represents
a meromorphic function in the complex p-plane which has simple

poles at

"3

I
H
(>

In the vicinity of the-pole @ L E(p) may be represented by a Laurent

series
1 o0
= _o.m
E® = 5 PR
n=0 - '
within a distance |p - w, | from . such that

e - W] <<|wi - o,

_The field E(p) may be approximated by its first term in the Laurent

expansion

2y

- W,
1

E(p) =

where the rebidue, @y is simply

and

111
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b ‘ : when a number of complex resonant frequencies of the _perturbed>
i cavity are near each other, as in cases of degenerate modes, the
condition' )
Iy -l <l _ .. |
I B b SR PR

is not fulfilled. In these cases, the total field is obtained by the same

reasoning as above

e L
E(w) = z J+E* +M* H¥* dv (A.18)
2(e - w, ) ir ir
r=l ir : )
W—w, , r=12 ...k
1r
A.3 ___DIPOLE SOURCES IN A RECTANGULAR CAVITY

The simplest example of forced fields is a loss-free rectangular
cavity which is excited by a point source. Figure A.1l illustrates a
rectangular cavity in Cartesian coordinates x, v, z, and of dimensions

‘a, b, c. A z-directed dipole source is shown at a point x', y', z',

A dipole source in arbitrary direction can always be reduced in three
‘ perpcndiculaﬁcomponems along coordinate axis. Since the selection
ot the coordinate axis in a rectangular cavity is arbitrary, it is suffi-
cient to consider z-directed electric and magnetic d.poles only in
order to tind the fields due to arbitrary oriented sources. The total
- solution 1s the sum of individual component solutions with a cyelic

exchange of coordinate axis and indices 4, m, n.

mi
o
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,/ (X', Y'r Z') c

T

FIGURE A.1l DIPOLE SOURCE IN RECTANGULAR CAVITY

— —
nx E. =0, yield

: -1
the following normalized mode vectors for loss-free rectangular

" iioad T A -1 NN 1 o O B b
The equation {A.3) with the boundary condition,

cavities: '
- TM Modes
e yn 7!
‘(Ex)fmn = Ap Ko cos (7, X) sin (¥, ¥). sin n 2)
(E‘y){mn = Ap g sin (Yp x) cos (Y, y) sin (¥}, z)
(EZ)Imn = -AE-T!:;— sin (}’[ X) sin (¥ y) sin (¥, z)
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TM Modes (Cont.)

- (Hx)fmn = -AH Ym sin (‘)’1 X) cos V(Ym y) cos (¥p 2)

(Hy)’mn = AH 7! cos (7, X) sin (Y y) cos (¥h 2)

t

Hz)fmn = 0
l

TE Modes:

(E’;)Imn = —AE )fm cos (‘)’I- ’,{) sin ('}’my) sin Q‘n z)

3 (Ey)p = AE 7p sin (7p %) cos (Y y) sin (¥p z)

(Ez)!mn =~ 0
' | n
‘ (Hx)}’mn = -AQ k!mn sin (’7! X) cos (¥ y) cos (¥, z)
: 7n ym '
‘ (Hy)lmn = -Ag T,;,: cos (7, X) sin (¥, y) cos (Y, 2)
),’2 + .ymz
(Hz)fmn AH .———kfmn cos (‘Y! Xx) cos (Y, y) sin (¥ 2)

where .\E Ve A, AH - Vi A
[ N 1) £, m, n#o0
A :.\] " : a - }

abe(yy” + '}’mz) 0) Pformorn -0

R e e O I O}

*fmn ? m T /n a b (c

nl 7m T n |
B y! a Ym ~ b Yn c
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A point source which represer{tsan electric dipole directed in the

z-direction is described by a current distribution of the form
J = I lg 6 (Y - 'x’
z .

. ,
where I is the current and L is the length of the dipole, 8(x-x)

' is the Dtrack delta function

Since only TM modes are excited in the cavity, the volume integral in

equations (A.5), (A.6) reduces to

m"E-"E“i dv mJ (Ez)l dx dy dz = IL[Ez (', y,z)]!m

The fields are:b-

. 41Lk 22 Y, 7
Ex e b o f— Z 5 z 5 Co8 (7, X) sin ()" X') sin (Y5, y)
!mn " Kfmn kImp '

x sin (¥,y") sin (¥ 2) cos (¥, z)

Q Y. 7 '
I 4 ILk / 2 m ‘n : . |
Ly 2 2 b o Z k z . 2 sin.(‘}'l X) sin ()} X" cosv(‘)fm y)
finn fon
X sin (¥, y') sin (Y 2) cos (;}'n z')
| | 2 2
) o S + . ‘
E, = j ALk fu Z , 2 ? 2’“ sin () x) sin (% x') sin (¥, y)
. m fmn mn .

X sin (Y y') cos (Y, 2) cos (¥, z")
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o
2. ¥ ,
41L . . :
= - sin (¥y x') cos (¥
H, abo ; 2 2sm(‘)’Ix)b (’ ) cos (Y, ¥)
Imn - imn

x sin (¥ y') cos (¥, z) cos (¥ 2")

. Y
-2 2
fron & " Kfmn

cos (¥p x) sin (y’ x') sin (¥ ., ¥)

fa s
S
1
R TN
el [}
ol

x sin (‘)’m y') cos (7n Z) cos (71'1 z'")

Similarly, a point sourcé which represents a z-directed magnetic

dipole is described by a magnetic current distribution of the form
M, -mb(x-x)0(y-y)o@ -z

where m is the dipole moment. For a small loop in xy plane with a
current I and area S,

m - jwu IS

The integral in equations (A.7), (A.8) becomes

M - H»* dv - JHM (H *) dx dy dz juwu IS[H ’ x', y', z"
m ! Z7% Ymn e

IIT] n
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A4 DIPOLE SOURCES IN CYLINDRICAL CAVITY

Anothér example of forced fields in a loss-free cavityzis.a dipole
source in circular cylindrical cavity. Figure A.2 shows the cylindri-
cal coordinate system r, §, z and the dimensions of the cavity with

radius a ‘and height h. The coordinates of the source are r“, @, =z'.

i
P

i 4z

FIGURE A.2
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. The normalized mode vectors for the TM modes are:
= cos Lip
- Yo 74 E s l .
Erdg . = Ag 5 Iy gy, D) Ysim@, 2
ALLLIEkL k‘-‘ ~ AL ‘ Sin I i1
fmn l @ ]
E Yo I—sin ! wl
(Ep) = Ap g JgYppm . T) sin (¥ 2)
mn- klmn l cos ’ (,Dl
. E
; Vpe? & [coslo
, (EZ)[mn = -Ag E Jp Y T) cos (¥, 2)
fmn Lsin ! ® '
E 1 E sin ! /o] ] .
(Hr) = AH - d (YIm T) } COS (‘yn z)
mn T ’ -cos { (/7] . .
) E E E cos f (/5] e -
(H,) = Ay Ypm Y pm D cos (Y 2)
~ ‘ © fmn sin I s}
E
H =0
(He) mn
| E E y -
2 2 Im nmw
were, kg N0+ 7,2 - \/(“‘") (%) l
1 2%

1 i
A = A, A, == A, A=
BTV MR Ytm 7't Gp) V T

),

3, ()'f:mr) is the Bessel Function of or§er £ and vafgument (Y ];,:mr
J, '(yf:rﬁr) is its derivative with respect to argument. The quantity,

Y m’ is the mth zero of the equation, '

@ Ip (yp,) = 0
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and

IOfor!zO,n=O

2 P#o0,n#0

-sin !

1 ’=‘O,n'#00r1#0.n=0_

The normalized;mode vectors for the TE modes are:

H ! H A B
By =B 2 Ip gy 1) sin (¥ 2)
N : cos § o
H " H H cos f ©
E = B J! i
.( ‘D)I_mn - EYfm 99 ppD o f o sin (¥, z)
_H :
2 L
(FZ)Imn - 0
. - H !
H '}’n L H cos [ ¢ o
- (Hr)’mn = BH H Jt, (y’m‘ r) . cos (¥ 2)
: . k!mn sin { ©
H '}’n ’ H r7"Si!‘l !(0
(H..) - By i ~Jdp (Yp_._ 1) ) cos (¥ z)
fmn ’mn r I lmu cos 1 0 n
(71; )2 H [068 ! o
H mn : ’
(HZ.)!mn = BH " J’ 04 fmon ©) . sin (‘yn z)
fron sin £ ¢
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where, '

B = Jp (Y'Im)..\/ 7h {‘Y'Im)z ] 'zl

« = and - J'p(y'p ) =0
2 1#o0 L

<

[}

As seen from the above for £ = 0, there are t@o mode vectors for
each TM and TE mode, one with cos £ @ and the other with sin £ ¢
dependency. This degeneracy is removed if the excitation problem is
considered or if the cavity has perturbations. Assuming that the
radiating equipment is mounted on the curved surface, only r-directed
electric dipole and @#- and z-directed magnetic dipoles are important.
For the r-directed electric dipole point source, the éurrent

distribution is .

(-1 0@ -0 6 -2
Jr=1u -

The total field is the sum of TM and TE modes; the volume integral in
equations (A.5), (A.6) bec'omes,'

Ey @, 2)

m’j"ﬁi‘;dv =ﬂIJr [(EE) P (Elg)’lmn] av =1L

Vv |

+ E? ', o', 2‘)| foon
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The source coordinate $' may be assumed zero, ¢' = 0, without any

" loss of generality. Since E . must be a symmetric function of @, the

degeneracy is removed since cos £@ must be used for the Er field

component. The total field in the cavity is given by,

jw—E’E |
— Inn JE !
E =1 L Z ) ) > PJr (r"‘ ‘pl’ Z') Ann

' fron (@ - (w;:mn) ‘

wy 'I" |
— mn mn E
H-1LYy 5 oy [Er (', o, z')]l
w (w ) mn
Imn Imn :

. =H
Jw

H )

. fmn lmg : [FI: (r', o', z')]

w? - (wl % . fmn
> fmn

4

A 7-directed magnetic dipole has TE modes only. Assﬁming the

magnetic current distribution as before,

MZ S jwNls O(r - 1) 6(¢r' ®) bz -~z
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the volume integral in equations (A.7), (A.8) is
- - - oo )
M- Hjdv = z 27 fmn z » !mn

The field bécomes

H -’H

jw E H »
. E = jwpls z Imn 'm; [Hz (x', o', z')],mn
| fmn M!mn) .
—*I jw ﬁfmn H :
H=jwu,lsz 2 H 2 H, (¢ z)fmn

coc;m&&-~aq:<:gfsgg i tmpﬁz&ﬁr the other f leld components.

For the ¢-directed magnetic dipole, both TM and TE modes are

required. Since H¢ is an odd function of @, it has sin 2§ dependency,

o ' . E

. E
(Hg) = Ay Yy TP Oy T sin(l0)cos 0y 7).
. mn - ’
wh, - !J(YE 9 sin (1) oos (7 2
.(w)!mn~ H;;r—— £ fm sin tpc @n
mn
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The field for the ¢-directed magnetic dipole is given by,

E .E ' . H H

[ P N -
— g £ - Lo JWP I .
T juepls ) ,an Im; Hg (e, @ 2y TS i H’““z‘
fan | (Wpmn)” L . | w” - (wfmn)
~ H : ) . ‘
H ! ' 1
o @@L 2z) fmn
| ~H
je . jw Hy
) mn E | » mn
o prlsz 2 _(oF )2 Hp hoh 2t 72 R
fmn |9 - (Cpmn) L ] w” - (wp o
o H A . 41
H, (r', o', 2"
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APPENDIX B

DEVELOPMENT OF EMITTER AND

The information in this appendix represents the results of Air Force
funded study on the ram {contract AF33/(657) 7132),
Classification of all circuits into a few basic types greatly simplifies
the procedure of developing emitter and receptor susceptibility spec-
tra for use in a computer-prediction program. Thus, it has been
decided to classify all circuits into one of six basic types. These

basic circuit types are:

1) Power,
2) Servo,
3) Signal,
4) Switch,
5) Squib,

6) Modulated.

A description of the basic circuit types and the associated spectra is

given in the following sections.

B.1 EMITTER SPECTRA

B.1.1 Power Circuits

Power circuits are those circuits which are used to transmit the pri-

mary power of the vehicle from its source to the using equipment or
load.

Power circuit interference is produced by arcmg and voltage changes
in reactive loads, and by the commutation of diodes or rotating con-
tacts. Due to the high currents switched, the resultant interference

voltages will be large in magnitude. The short switching times
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. ~ involved produce broad frequenéy spectra. Specifications prescribing
' a safe level have been adopted to reduce the probability of power cir-
cuit interference. The limits of MIL-1-26600 have been used as the
assumed generated spectra for power circuits. The broadband con-
ducted measurements of MIL-1-26600 have been exténded upward to
100 Mc and _ddﬁwnward to zero frequency. The spect'ra limit is shown

in Figure B.1.
! -

Vi

J_—-VI
v 1
3| B
) ’ ! |
bt
(I
L
t 1
{ {
e e it ;
° TR
[ i !
i | | 1
P . i _ f
) g e R ; :
: v f s 5
| FIGURE' B.1 EMITTER SPECTRUM FOR POWER CIRCUITS
c A voltage amplitude of supply
A ‘ _
Only fl = frequency of supply (use a band run-
’ ning from f; - frequency tolerance
to fl + frequency tolerance)
\’:24 = maximum allowable ripple ,\-'o}t_age
ODnCI:\r - ir > 134 db/uv '
) . \ f, = frequency of ripple voltage
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Also, in Figure B.1,

Vy. = 134db/uv
‘.’4 = 81 db/rv
f3 = 15 Kc
f4 = 2 Mc
f5 = 100 Mc

B.l1.2 Switch Circuits

Switch circuits are very much like power circuits in that most power
circuits are switched at some time. To avoid conflicting entries, it
was necessary to define power circuits as those which would be
switched normally only once, and would usually be éarry'mg a .steady
current. The switch category also includes switches which may be
operated only once such as those controlling alarm lights, squibs,

ready strings, etc. These circuits are sources of interference, but

- are virtually unsusceptible to it.

Switch circuit interference is produced because of the reactance of
gsource and load, together with the nonlinear noise generating charact-
eristics of the switching arc. Some switches will not be associated
with power circuitry, and test data will be available as a result of
qualification testing to either MIL-1-6181D or MIL-1-26600. Where
test data is not available, it is reasonable to assume that these
switches will pro'duce the same interference spectra as other switches

in similar applications.

Therefore, test data from switching operations on previous programs
was used as the best available. A review of the data showed that
switches could be divided into six general types according to the cir-
cuit in which they were used. The TYPE 1 switch circuit consists of

a switch (either solid state or toggle) which supplies power to a light.
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The TYPE 2 gircuit consists of a switch which controis power to acti-
vate a relay. The TYPE 3 circuit activates a relay and a light in
series. 'Types 1, 2, and 3 reduced to approximately the same spec-
trum aﬁd‘ were considered to have the same spectrum in the computer
program. The: TYPE 4 switch is used with a high-impedance load
possessing a lat‘i-ge reactive component. The 'TYP'Ei 5 switch controls
- a low-impedan¢e load with very lilttle reactance. The TYPE 6 switch

controls 400'-cycle power to an electronic equipment rack.

The actual measured spectra for switches will exhibit many discon-
tinuities,_ with peaks at some frequencies and nulls at others. Since
the peaks and nulls for different circuits do not exactly coincide, the
curve shown in Figure B.2 is a summary of the anticipated peak
values. Again, either test data or definite design information can Be
used by the computer to evaluate ’tl'.xe’ need for suppression of switch

- generated interference.

{
' | . ~ .
FIGURE B’.Z.~ EMITTER SPECTRUM FOR SWITCH CIRCUITS
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For switch types 1, 2, and 3:

V. = 140 db/nv; f. = 7TKc; S, = 20 db/decade

1 1 1
For switch type 4:
vy o= 140 db/nv; fl = 250 Kc; S, = 20 db/decade
For switch type 5:
Vl = 150 db/u v; f1 = i5 Kc; S1 = 20 db/decade

For switch type 6:

»Vl = 140 db/uv; f, = 200 Kc; Sl = 32 db/decade

B.1.3 Signal Circuits

Signal circuits are used to monitor or control the system or carry
information. Occasionally, the amplitude of these signals is sufficient
to produce interference to other circuitry. Signal circuits have been
divided into three sub-types: AC signal, DC signal, and pulse signal.
For this study, a DC signal has been defined as one in which the modu-
lation produces no zero crossings, and which is longer than one
second in duration. An AC signal has zero crossings, and a pulse

signal is less than one second duration.

For pulse signals, the worst case is the square-cornered trapezoidal
pulse shown in Figure B.3(a). The voltage spectrum of this pulse,
obtained from the Fourier transform of the time function, is given in
Figure B.3(b). For the purpose of this study, the negative lobes of
the spectrum are considered positive since interference voltage is the
primary interest. The ''nuisance' value of the circuit is more
readily derived through use of the curve of maximum amplitudes
shown as @(f) in Figure B.3(b).
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For the AC and DC signals, the worst case would be a continuous spec-
trum throughouf the modulation bandv)idth, as shown in Figure B.4.
Any actual modulation that wbuld bve used would consist of discrete
.spectrai lines ‘co:fv Qar'y'mg amplitudes spaced at intervals within the
modulation bandwxdth The assumption of a continuous ‘spectrum at -

the maximum ampl;tude will, therefore, indicate a greater probabxhty

vaterm
gyele

naa

of mterference than could be esmerip 1ced by the' g

B.1 4 Maduhtad Si_gpal Circuits

Modulated signal circuits are those which are used to transmit infor--
mation within or between communication equipments. These circuits
are usually very sensitive and relatively susceptible to interference.

T

|
Modulated signal circuits normally transmit more information at

higher rates thaﬁ signal circuits. This is accomplished by utxhzmg
more complex modulation techniques and greater bandwidth. There
are three types of modulation consxdered. (1) frequency modulation
(FM), (2) amplitude modulation (AM), and (3) pulse modulation

(normally pulse- COde modulation - PCM). Each of these modulauon

techniques is used extenswely and combinations of any two, and. some-

times-all three, may be encountered. This study is conc‘erned with
only the video-~frequency modulation frequencies. The most complex
modulation that can occur in digital circuits on the FM and AM chan-
nels is due to white noise. Therefore, if white noise is assumed to
occupy the conﬁplete bandwidth of the mbd'ulating signal, the output of
the modulator will produce the most system interference, and hence,

the worst-case condxtxon

In frequency modulation, the fréquency of the carrier signal is )
changed by an amount proportional to the amplitude of the ‘modulating -
signal. Then, since the amplitude distribution of the white noise
modulating signal is Gadssian, the frequency spectrum of the modu-
lated signal would also be Gaussian. The reéulting spectrum is shown

in Figure B.5.
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(a)

¢ |(f)
2Ad

FIGURE B.3 EMITTER SPECTRUM FOR PULSE CIRCUITS

fl = 1/xd
L - _2A
! 2wy
f; = frequency when curve reaches -20 db

d = duration of pulse at 50% points

t = average of rise and fall time
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FIGURE B.4 EMITTER SPECTRA FOR DIGITAL CIRCUITS

vV, = maximum voltage amplitude
'fO = lower bandpass limit (0 for DC)
fl = upper bandpass limit (bandwidth for DC,

also f1 may be 0 for some DC cases in

' which case there is no couplihg possible)

In amplitude moddlﬁtion, the amplitude of the carrier is proportional

to the amplitude of the input signal. This process produces two side-.
bands centered about the carrier freQuency c‘:ontaining the same fre- -
quency’ comp’onenté as the modulating signal. White-noise modulation

wortdd have the spectrum shown in Figure B.6.

“In pulse-code modulation, the input information is always transformed

into a digital format. Each parameter is assigned a prescribed num-

ber of discrete vialues represented by a binary code. The resultant

- PUNM signal is A train of pulses with varying widths and repetition

frequencies.
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The frequency spectrum of a pulse train consists of a series of dis-
crete spectral lines spaced by the prf with amplitudes following a

curve similar to that of Figure B.3(b). In PCM, however, the pr{

. is never constant and a continuous shifting of these lines results.

Therefore, a more indicative spectrum and the worst-case condition
would be a continuous spectrum as shown in Figure B.3(b). For the

PCM case, the curve of maximum amplitude must be used since the

pulse widih can vary by a tactor of n. In computing the worst-case

spectrum for a PCM signal, the widest pulse width should be used to

compute the initial ordinate, and the shortest to compute the curve of

maximum amplitudes. This will produce a spectrum with the maximum

amplitude and the slowest roll-off. -

vy |
VN S — ¢ ()

FIGURE B.5  EMITTER SPECTRUM FOR FREQUENCY-
~ MODULATED CIRCUITS '

where Vl —X2/2
o = 57 ||°
with : and -
' f-f
x = vi-v [Jn(g—)}
when O = maximum deviation frequency; ¥ = highest

.modulating frequency; and V = maximum

amplitude of fundamental fC
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j=r———— =

[ :
FIGURE B.6 EMITTER SPECTRUM FOR AMPLITUDE

' . _ : MODULATED CIRCUITS
'VO = maxifnum amplitude of fundamental fc
m v, |
V1 = = if m = % modulation/100
21 = lowest modulating frequency
’;2, = highest modulating frequency

B.1. S Servo Mechanism Circuits

Scervo circuits are those circuits which are used to control the path of
the vehicle. The heart of most servo systems is an amplifier and an
electro-mechanical device. The electro-mechanical devices are
usually not susceptible to idterferénces, but may be éources. The
a»mpl'ifier, however, may be susceptible to interferenc‘é. There are

normally three signals associated with a servo'system: the command

mee

input signal, the feedback signal, and the error signal. Interference
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generated by se.rv_o circuits is similar to that of signal circuitry. The
information rate in servos is low and the modulation bandwidth niarrow.
Because the input and the feedback signals of a servo system are nor-
mally very low, theyAproduce little interference and can be neglected.
However, the error s'ignal may be of sufficient amplitude to produce
interferenée, since it is used to actuate an electro-mechanical device.
As is the case with digital signals, the nature of the interference is
dependent upon the palrticul'ar signal, and several ditterent signal
spectra may occur. Hence, it is desirable to uée worst-case

approximations for the representative spectra.

Although the servo signals will normally produce a very simple spec-
trum, consisting of a few spectra(l lines of various amplitudes, the -
simplified vt‘(or—st case is white noise. The probability of an interfer-
ence indication will be much greater using this assumption than it
would in system operation. The spectrum of a servo circuit signal

" may be approximated by the curves in Figure B.7.

L

[y

B.1.6 Squib Circuits

Squib circuits are those circuits used to fire electro-explosive
devices such as rocket igniter, explosive valves, explosive bolts, etc.
Since squibs are essentially passive devices, they are not sources of

interference; however, they are very susceptible.

Vv

jos i cmp cmnn v S Gt gy S . — ——

—

I SI

F-S
3

f

o, ™ K

FIGURE B.7 EMITTER SPECTRA FOR SERVO CIRCUITS
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'Vl = maximum voltage amplitude
fd = Rx passband lower limit
fl = Rx passband upper limit.
R.2 - RECEPTCR SUSCEFPTIBILITY CRITERIA
B.2.1 Power Circuits

Power circuits are generally not susceptible to interference, although
they can conduct the interference to susceptible circuits. The con-

ducted susceptibility requirements of MIL-I-26600 have been extra-

- polated into the lower frequencies to produce the curve shown in

Figure B.B. When actual test data is available, it can be used to

provide a more realistic analysis.

It should be noted that the susceptibility requirements of MIL-1-26600
are not exact for a study of system compatibility. The methods of
test d‘erscribéd in that specification employ sinusoidal signals, but
intérference normally encountered on system power lines is a com-
bination of impulsive as well as sinusoidal signals. Since most
circuits are responsive to the total energy received, the response to a
éingle sinusoid is only an approximation of the response to normally

encountered interference.

This situation has developed largely because a better method is not
available; since each source of impulsive interference produces a

different spectrum, it is difficult to describe a universal spectrum

“accurately. Further, if a universal spectrum could be described, the

problems of genérating it and inserting it into the circuit would seri-
ously hamper its utilization. It may be assumed then that this

limitation will always restrict the absolute applicability of this study.
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FIGURE B.8 = RECEPTOR SUSCEPTIBILITY SPECTRUM

FOR POWER CIRCUITS

Vl. = voltage of direqtly connected supply, if AC
v?_: = 130 db/pv
‘ V3' = 100 db/uv
fl. = frequency of directly connécted supply
- {(use band as for generated spectrum)
f2 = 15 Ke |
f; = 150 Kc
f4 = 400 Kc

B.2.2 Signaf Circuits

.

Signal circuits are often sensitive due to the norrhally low-level input’
signals. Although these circuits may be susceptible to electro-
interference, no precise definition of allowable susceptibility criteria

exists. Thus, it was necessary to evolve approximations to the
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probable susceptibility of signal circuits, based.upon thé circuit char-
acteristics, as follows: (1) signal circuits will be most sensitive to
interference which contains components within the circuit's normal
passband; and (2), signal circuits will be less sensitive to hi
ffequency interference components. The spectra shown in Figure B.9
is the best available estimate of signal circuit susceptibility, and was
developed from experience with similar circuits and generally accep-
ted design practices. The nomenclature used in defining the para-
meters in the figure refers to data sheet entries. The slobe of 10 db.
per decade for roll-off of sensitivity has been investigated in the

laboratory for several typical circuits and is considered conservative,

Some receivers fnay exhibit a characteristic which does not start at

zero frequency; in which case, the specfrum of Figure B.9(b) is used. "

Vi

FIGURE B.9(a) RECEPTOR SUSCEPTIBILITY SPECTRA
. FOR SIGNAL CIRCUITS

Vy = 1/2 the tolerance of critical parameter, if

in volts, or

<
i

1 , 1/10 maximum voltage amplitude, if above

is not in volts, or

Vl = the tolerance of the critical parameter is in

volts and the circuit carriés an analog label.
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Also, in Figure B.9(a), the slope S is assumed to be 10 db/decade.

If Rx bandpass is unknown, let

f, = 2 BW for DC signal (unless BW = 0)
f1 = 2 upper bandpass limit for AC signals

£, = 10 /pulsewidth for pulse circuits

If Rx bandpass is known, or if BW = 0, let

‘ fl = Rx bandpass ''to" .

FIGURE B.9(b) RECEPTOR SUSCEPTIBILITY SPECTRA
FOR SIGNAL CIRCUITS

f, = Rx bandpass “from'", and

S

i

S, = 10 db/decade,

1 2

with vy and fl as previously defined for Figure B.9(a).
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B.2.3 Modulation Signal Circuits

Modulation ;isignaI. circuits differ from digital circuits in that the cir-

cuit bandwidth is usually much narrower and, within this frequency

-band, modulation circuits can be considered more sensitive. However,

the level at which malfunction can occur is dependent on the particbular
circuit. In general, modulatidn circuit input signals will be of a reia-
tively constﬁant amplitude with a low dynamic range. An estimated
malfunction level would be 40 db below the maximum amplitude at the
normally-received signal. The resultant susceptibility spectra is
shown iAn Figure B.10. '

\'%
A

FIGURE B.10 RECEPTOR SUSCEPTIBILITY SPECTRA FOR
MODULATED SIGNAL CIRCUITS

Vl = maximum amplitude of fundamental - 40 db
f; = Rx bandpass "from"
fz = Rx bandpass ''to"

S, = S2 = 10 db/decade

The pcm cases will generally have fl equal to zero but

will be identical to the above in all other respects.
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B.2.4 Servo Meéhanism Circuits

An interference voltage in a servo system can cause a false error
signal which would result in an incorrect positioning of the electro-
mechanical device. The interference can be introduced into the system
via: (l) the command input circuit, (2) the feedback loop, or (3)

the error circuit. 'In (1) and (2), the interference may be amplified
and the resultant actuation could be greater than if the interference
were introduced directly in the error circuit: The spéctra used in

this analysis ha\;e been derived from design information and typicai,

measured interference data from various programs.

Separate spectra have been devised for the command input and the fesc
back circuits because of differences in the circuit términﬁio‘ﬁ!;f“ffl‘he‘ '
spectrum for the command input circuit is shown in Fiéure B.11(a),
and the sf‘;ectrum for the feedback circuit is shown in Figure B.11(b). -
The major differences are the extended frequency range of the feed-
back loop and the greater sensitivity of the i'nput circuit. The
command input circuits will be most sensitive to frequencies from DC
to 20 cps, from 380 to 420 cps, 1600 cps and 3.5 Kc. Therefore, the
worst-case spectrum with maximam circuit sensitivity would be flat

and include frequencies from DC to above 3.5 Kc.

From DC.to 3.5 Kc, it is possible for the intérference signals to modu-
late the error signal and produce undesired positioning. Above 3.5

Kc, the interference signal can saturate the servo amplifiers and pro-
duce Va nonlinear response to the desired input signals. The amplitude
reduired ‘to saturate the servo amplifiers is estirﬁated to be approxi-
mately 35 volts; however,‘ for purposes of treating a worst-case

condition, a lower value is used for this analysis. See Figure B.11l(a).

The feedback circuits will be sensitive to frequencies from DC to 20
cps and from 380 cps to 420 cps. Interference at other frequencies
will produce saturation and a nonlinear response to the desired feed-
back signals.A It is anticipated that the feedback circuits will saturate
at levels which are lower than 3.5 volts, thus presenting a greater

degree of susceptiBility. See Figure B.11(b).
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SERVO FEEDBACK CIRCUITS
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FIGURE B.11(a) SUSCEPTIBILITY SPECTRA FOR
COMMAND INPUT CIRCUITS
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For Figure B.11(b),

fl = ‘?.0 cps

i’z = 180 cps
f, = 380 cps '
f4 = 420 cps
fS = 4.2 Ke
f6'= 42 Kc
V= 20 My
v, = 2V
vV, = 2.0V
V, = 4.0V

B.2.5 “Electro-Explosive Devices (EED's)

Since EED'!s can be sensitive to interference and are potentially dan-
gerous if premature detonation occurs, a great deal of investigation
has been. p?rformed to learn more about their characteristics. The
Franklin Institute sponsors the Hazards of Electro- Magnetlc Radiation
to Ordnance (HERO) Congress annually to discuss the progress of the
various investigations. A number of papers in the HERO pioéeed'ings

for 1961 were used in the development of this analysis.

All EED's are specified in terms of a no-fire current and a sure-fire
current. For the purpose of this analysis, a no-fire power of one-half
watt will be used as a worst-case condition. The voltage limit will be
used rather than the current, because the computer program is set up
to compare voltage rather than power or current levels. Since the
squib complex impedance is a function of frequency and generally
unknown, but the resistance is known and is relatively constant, the

no-fire or sure-fire voltage can be calculated and compared with
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other voltages in the system. As the frequency of the interference

- signal is i'ncreésed into the RF region, the bridge wire becomes a

mismatched termination to the circuit and much of the energy is

reflected back down the line, Empirical data on many different squib

configurations have demonstrated a pronounced roll-off in the EED

sensitivity at frequencies above 50 Mc. The estimated squib suscep-
tibility spectrum is shown in Figure B.12. This spectrum applies
only to interference introduced into the EED by way of its input leads.
A more extensive étudy would be required to investigate the probability

of detonation due to radiation through the EED case.

Y

-
—

-~
N

FIGURE B.12 RECEPTOR SUSCEPTIBILITY SPECTRUM
| FOR SQUIB CIRCUITS |

Z

: Foo- L
, vy = 10 log10 5 + 120 db/uv
f1 = 100 Mc
S = 10 db/octave
f, = 400 Mc
ZL = squib input impedance
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APPENDIX C

DERIVATION OF OPTIMUM
" CABLE-COUPLING EQUATIONS.

}
The inforrﬁati'on_ in this appendix represents the results of previous

Boeing-funded basic research.

The purpose of this appendix is to analyze the equivalent circuit of the
cable nétwork between two adjacent circuits and recommend an opti-
mum solution for use in the computer prediction program. Five
methods have been selected to determine the ‘accuracy and complexity
of each mefhod in the solution of the basic coupling network of .

Figure C.1.

C.1 METHOD I. COMPLETE LOOP EQUATIONS

Method 1 is the most accurate and also the most complex solution to

the basic cable-coupling network of Figure C.1. It requires the

 computer to solve a matrix of four loop equations to obtain the cur-

rents in each loop, and from the currents to arrive at the voltages

across the susceptible loads.

N _ |
1 €o
4 &‘ EMITTER CIRCUIT Ry

—-c‘ﬁ (m » | ==c

Ez% 3Ry /l; | L RZL‘ E;IL

RECEPTOR CIRCUIT ‘

FIGURE C.1 CABLE-COUPLING NET WORK
: EQUIVALENT CIRCUIT
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The loop equations for the above network are:

Rg + Ry +-XL)11+XM I + (XL, - Xp) I3 + R Iy = Eg

Xy Iyt Bog + Ry, + X)) Ip + Xy ~Xp)Ig - Ryg Iy = 0

(XL»- XM) Il + (XM - XL) 12 + Z(XL - XM + XC.)- 13'- XCI4= 0'

where

Xc = Xy = jwl XM= iweM

1 :
: ] wC
These equations are solved for the appropriate currents and the

generator and load end voltage-transfer ratios,

E E ,
—2G and —— are‘found..
‘ Eg Eg

@]
™

METHOD 1I, CAPACITIVE & MAGNETIC COUPLING
CALCULATED SEPARATELY & THEN ADDED TOGETHER -

Method II is the solution of the modified basic network shown in

Figure C.2 and is considerably less complex than Method I, but gives
ncarly the same results except at the higher freﬁuencies. This method
treats the capacitive and magnetic coupling se'paratély and ignores any
interaction between them. Capacitive coupling is obtained by solving the
circuit with the mutual inductance equal to zero. Then the magnetic
coupling is obtained by setting the capacity between wires. equal to zero.

The total coupling is then the sum of these two. By placing the total
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}
lumped capacity in the center of the circuit, making the pi circuit

into a tee circuit, no loop equations are necessary, and the solution
becomes much simpler than Method I. Except at frequencies above
20 Mc, the add&ions of the capacitive and magnetic coupling gives |
accurate results. As shown by the equations, the capacitive and induc-
tive coupling add in phase at the generator end of the susceptible cable.
They are 180° out of phase at the load end of the susceptible cable,

and thus cancel 50 that the net result is the difference between the two.

2G

FIGURE C.z2.

The voltage transfer ratio found in the solution of the network of

Figure C.2 is:

Esg 2 |2 212 .
2o 2G | Z,G [(RO X)) (2 + 2y + Xp) + 2y X + Z;ﬂ

~ XM
Ry + Xy + Z)) (Zag + Zy1)
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P, [ 212 |
E, 2L|Zg ) [(RO +Xp) (B + 2y + XQ) + 2 K+ zz)]
XM ]
Ry + Xpy +2y) (Zyg * Zoy)
where,
*c "‘JwC3’ Xc1 _'—chl’ Xc2 = "I gC
2, x . sater o, Me¥er o Ry Xep
Lo 7Ll Ry + Xgp ' “2G 7 Ryg + Xgg 2L " Rop, + Xco
Zor Z
2L Z2G
Z " Xio F A Zoy = Xiro + Zoy A
: 2 * 2y or, = XpL2 * Za1 2 7 3
2G L G AZL + ZZG
c.3 METHOD IiI. NEGLECTING CAPACITANCE TO
GROUND & THE RECEPTOR CIRCUIT SELF INDUCTANCE

Method III analyzes the modified basic cable network as shown in
Figure C.3. The reason for the modification is that the capacitance

to ground and the self-inductance of the cables are negligible at low

"frequencies and only slightly reduce the coupling at high frequency;

these terms can be neglected without impairing accuracy. Neglecting

them greatly simplifies the equations.
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CAPACITIVE COUPLING : MAGNETIC COUPLING
Sn |

Ro

FIGURE C.3.

The solution of the equivalent circuits of Figure C.3 gives the

following voltage-transfer ratios:

26 (B By . XM 26

Foo Mt Ro VRyP e x Ry + R)? + X 2~ Ry + Ry |
B max| By Ry M RoL
- X 5 S or 5 5 X R + R
Eg  OF [R; + Ry "VR2 4+ x.° VIR, + RpZ + x 2 Bag * By,
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13 1 .
XC'Z—]R XL——]le
‘R R
R2=R2G+' ;L Xy = iwM
2G 2L '
|
c.4 - METHOD 1V. ALL IMPEDANCES CONSIDERED

' AS REAL QUANTITIES

Method IV considefs the solution of the modified basic cable network
of Figure C.4.

This method is the same as Method III except the complex reactances
are considered to be real numbers. At low frequencies, this simpli-‘
fication makes no difference because it is the capacitive reactance
alone that limits the capacitive coupling and the resistance of the

susceptible loads that limits the inductive coupling.

Likewise, at high frequencies, this simplification makes no difference
because both couplings approach 'unity for both Methods III and IV.
However, in the middle frequency range of about 3 Mc, Method IV

gives coupling 3 db lower than Method III.
Since 3 db is small compared to other errors in input data to the pre-

diction program, and since Method IV actually more nearly agrees

with the true curve, this method is favored because of its simplicity.
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CAPACITIVE COUPLING L MAGNETIC COUPLING

Eq R1§ OEO | . R'?

Ro

| | L =0 s
ngc RaL 3 3 R26 Ry 3

» FIGURE C.4.

The ‘solution of the equivalent circuits of Figure C.4 gives the voltage-

transfer ratios as:

Eoa R, . R, RS . RoG

Eo [B1* By By +Xg Ry + Ry + Xp  Ryg + Ry
Eot, MAX[ R, . R, ] e [ XM . R,. .
E, OF Ry + Ry "Ry + X¢ Ry + Ry + ),(L Ryg + Ryp
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where,
1
Xc = - %c =l
Rsg RoL
% Ry, + R Xy~ «M
2c * Rop,
S C.5 METHOD V. STRAIGHT-LINE APPROXIMATION

Method V considers as negligible all self inductance and shunt capacity

to ground for both the emitter and receptor circuit. Also, the capa-

citive and inductive coupling are considered separately. For these

assumptions, the modified basic cable network is shown in Figure C.5.

CAPACITIVE COUPLING

€
o

n

©

" FIGURE C.5.

MAGNETIC COUPLING
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First, the capacitive coupling is considered and Figure C.5(a) is

redrawn as shown in Figure C.6.

onles
s

FIGURE C.6.

ApplyingvThevenin's theorem to the left side of the AB plane, the

circuit reduces to that of Figure C.7.

=n

FIGURE C.7.
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where,

oo —0 11

\ 1o

oo 25 T2l
ng + Top

The emitter circuit current that is coupled to the receptor cu‘cutt

through capacitive couplmg produces the same voItage, ’ " across= o

the generator and load end of the receptor circuit. This voltage is
found by considering the circuit of Figure C.7 as a voltage divider
where,

r!'

o ‘
e X T €

after substituting the original circuit parameters, the voltage-

~transfer function is found to be:

‘r ( Yog ”2!)( ! ) - 1
€0 Tog = Top) \ry + vo) [rzg Iyg r, T, ]
, ' Xcl

-+ +J
2g * T2l 17 %

This last expression can be simplified by the condition that:

x. >> —2x'2f

c r2g ARY §

. r.r
XC > _O____l.._
. r 1 + r 0
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This condition is satisfied for typical circuits up to 10 Mc. The

voltage-transfer function is then given by

f_rz(‘rl )(ngrzl), .1.) ) (C.1) |
‘ GOV r1 + ro TZg + rzl XC - - :

Examining the inductive coupling, the loop equations for Figure C.5(b)

are:
fo =1 (g + 1 - iy X

0 = i Xy * g (Tyg + o)

Solving this set of equations for iz » the receptor circuit induces

current; the load end voltage-transfer ratio is found to be

9 Y2 Xm (C.2)
(0 ) '

(ry + 1o (rog + rop) - Xp

. ' 2 ' e
Since below 10 Mc, Xm < < (r1 + ro)(r2g~+ ru’), this reduces to

-

4 Xy
€

o Fy* T (ryp +ryp) (.3
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The voltage induced in the susceptible cable is equal to this constant
current times the mutual reactance whichi increases with frequency by

6 db per octave. Thus, the inductive coupling also increases by 6 db

' per octave. Therefore, the sum of the two, which are in phase at the

generator end of the susceptlble cable, also mcreases by 6 db per

octave Thls straight line is extended to unity coupling at some. hlgh"
ove this {reyuency, the coupiing is taken as unity. As -
shown by the curves, this method gives accurate solutions at all fre-.

quencies except at the corner frequency, where it is 6 db too large.

- However, it gives worst-case coupling, and is quite satisfactory for

a predxctxon program in which the first sorting of data determines
only possible interference pairs. The advantages of simplicity in
programming the computer far exceeds the disadvantage of mcIudmg

a few additional questionable cases.

Althbugh the capacitive coupling and the inductive coupling are out of
phase at the load end of the susceptible cable, it is unwise to depend
‘on them.cancelling each other and giving a coupling value less than ' _
either. A more reasonable approa.ch is to congider the coupling to be
equal to the larger of the two. In the computer program, the process
of takmg the maximum of two equations is simple. As a general rule,
for impedances greater than 300 ohms, this larger coupling is capa-

citive. For impedances less than 300 ohms, it is inductive.

In Method V, the straight-line approximation method, the curve of
coupling versus frequency, need not be calculated at several frequen-
cies. The value of frequency at which the straight line of 6 db per
octave slope reaches zero is sufficient data to define the coupling over-

the whole frequency range.

The corner frequency for the capacitive coupling curve is derwed by

" setting the coupling equal to unity and solving for frequency:

. (R1 + RO) (R2G + RZL)
c 2‘HCR1R2GR2L

f
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Similarly, the generator end voltage-transfér ratio is found as,

) fg . x‘2g XM
€0 (rp * o) (g + 1raf)

for the voltage-transfer ratios is found by combining equations (C. 1),
(C.2), and (C.3): ‘

E

26 | M Tagtap | | XM Ryg ]
Eo  Xc |R1 * Ry 1y, + 1oy Ry + Ry © Byg + Ry,

2

EO- OF X

=
>
"
[y
frm——) )
w
o

| i} r2g"21]or [ M R J c.3)
Ry * Rg 1o+ ryf Ry + Rg " Rag *+ Rpp,

A closer examination of equations (C.4) and (C.5) for Method V show

that both the :capacitive coupling and the magnetic coupling increase
lincarly with frequency until they reach unity coupling.

To consider worst-case coupling at all frequencies, this straight-line . -
approximation for the coupling provides the best method. It is by far

the simplest method to calculate as shown in the equations.

" Here again, the coupling at the generator end of thhe susceptible line is

equal to the sum of the capacitive and inductive coupling, both of which
are straight lines. For the capacitive c‘oub‘ling, the current is limited
only by the gapacitive reactance which falls off with frequency by 6 db

per octave.: Thus, the capacitive coupling increases by 6 db per

: |
octave. For the magnetic coupling, the current in the source cable is

limited by ohiy the load resistance and does not vary with frequency.
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Likewise, the corner frequency for the magnetic coupling curve is:

o (R, + R)) Ry + R, )

M- 27 M Ry

The corner frequency for the load-end coupling curve is
': fL = M}mmum of fC L or fM

The corner frequency for the generator-end coupling curve is:

: f »
Do . fefm By TRy Beg t Ryy)
G i, +fy 2TRyg (M+C R, Ryp)

fG and t'L are the required parameters to define the coupling.

C.6 ' THEORETICAL COMPARISON OF THE FIVE METHODS

Calculations were made using the derived voltage-transfer ratios to
determine the accuracy of each method. For this comparison, the
loads were chosen as 300 ohms so that the capacitive coupling ahd
m'agnetic co"uplihg were about equal. The voltage-transfer ratios are
plbttcd against frequency in Figures C.8 to C.11. for both ends of the
receptor cable and two different cable coniigurations.. These figures
show that Method 1 agrees most accurately with measured values. |

. However, the simplified methods show good agreement, particularly

up to 10 Mc.

C.7 RECOMMENDED METHOD

Table T, Panagraph 4.2 gives the accuracy of the five methods of cal-
culating cable coupling and the computer time required to make one
frequency run for each method. The accuracy is not seriously impaired

and the computer time is reduced considerably by the simpler methods.

158

5 4



‘D2-90642-1

Therefore, based on-the foregoing anallysis, Methégi V has been
selected and‘ incorporated into the computer interference-prediction

program.

Cc.8 FORMULAS FOR CAPACITANCE & MUTUAL INDUCTANCE

The formulag uged in the computer-prediction program for determina-

tion of intercable capacity and mutual inductance are given below.

Capacitance between Two Wires above A Ground Plane

: S
(7.35 x 10713 () [log _1_1):.{] [KeffJ

_ : _ in
C: 2 2 farads

(¢ )] [

where,
1
'a‘ -1
Keff = Ko + 2 K3 -Kp)
%, o]
1 1 D
= |-= ;& _
2 Ld ds !
- and,
S \/D?‘ + 4}12

12
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Mutual Inductance between Two W.ires above A Ground Plane

/ \
_ - -7 12 . .
M = (1.405 x 10 ') ¢f) \log Y in henries

w

-

whe‘re,

¢ - Length of wires (in feet)

D - Separation of wires (in inches)

h - Height above ground plane (in inches

da - Diameter of the wire conductor (in inches)

d, - Diameter of the wire including the
insulation (in inches)

KO - Relative dielectric constant of air (KO'= 1)

Kl - Relative dielectric constant of the wire
insulation

Notes.

1

1)

2)

The factor ———— in the capacitance equation was

2 - Jd/D

determined from measured values of capacitance.

i .
Kef{ was determined from theoretical considerations and
accounts for the increase of the effective dielectric constant
as the wires are in close proximity, due to the influence of

the wire insulation.
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References for the equations:

M)

c)

Diddens, P. A., Design Procedure for The Reduction

of Low Frequency Interference in Electrical Wiring

Systems, The Martin Company, 1960: p. 20.

Loc. Cit.; p. 7.
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APPENDIX D

PROGRAM INPUT PREPARATION

ARTTY A
AN

D.1 PROGRAM INPUT PREPARATION

The data card input to the program consists of three sections.

D.1.1 Wire Route Input

The wire route input section consists of one or more sets of wire
routes. Each wire route card set consists of one Type # 1 card and

one or more Type # 2 cards:

Card Type # 1

Columns Format ‘Contents
1- 3 7 A3 The alpha.numeric name

~or number assigned this
wire route

7-10 13 The number of station-
angle pairs defining this
wire route

Card Type # 2

1-10 . E10.0 First station in wire route
©11-20 " E10.0 First angle in wire route |
21-30 ‘E10.0 Second station in wire route
31-40 E10.0 Second angle in wire route
41-50 E10.0 Third station in wire route
; 51 - 60 E10.0 Third angle in wire route
61-70 E10.0 Fourth station in wire route
71 - 80 El10.0 Fourth angle in wire route
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As many éards of Type # 2 are used as necessary to compietely list

all the station-angle pairs describing the wire route.
]

The final wire route card set is followed by a card having the word

END punched in columns 1- 3,

D.1.2 Circuit Description Input

The circuit descrxptxon input consists of two or more sets of de-cnp- :
txon cards, where there is one such set for each circuit to be considered.
The first card of each circuit set contains information which is common
to all circuit sets: circuit identification, circuit type number, wire

route, and wire code . Each circuit description set is completed by

: one or more additional cards, the number and forrnats of the cards

dependmg on the circuit type.
The card formats and the input arguments to be punched on the cards
of each of the six types of circuit description sets are mdlcated in the '

followmg 8ix input data format sheets.

The last circuit description data card set is followed by a card with
the word END punched in columns 1- 3.

To comple'tve the data card input to the program, two final cards follow
the END card of the circuit description sets. The first such card is

of the form:

_golumnsv ~ Format Contents:

1-10 - F10.0 Interference safety
" margin - dbs '

The inpht of an interference safety margin of X db means that if an
emitted signal is within X db of interfering with signal receptor in
Aanovthe»r éircuit; the circuits involved constitute an interference pair.
The second card has the word INITIALIZE _punched in columns 1 - 10.
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D.1.3 Overall Deck Set-Up

A complete data deck has the following overall form.

1 _ & wzrt e e s oA e - d
19t WIlCT LUuULe Cai DCL

ph |
u
2nd wire route card set

last wire route card set
END card
lst circuit description card set

2nd circuit description card set

last circuit description card set
' END card
intexlference safety margin card
INITIALIZE card

D.2 DESCRIPf.I;"?ION OF MAJOR SUBROUTINES

Thé program flow chart of Figure 4.5 shows the manner in which the
computer-prediction program has been developed. The Spectrum
Generation Program (SGP) serves as the FORTRAN main program

and performs the following major functions:

1) "SGP reads and stores the wire routes to be used;
2) SGP reads in the circuit name and type for each circuit;

3) SGP calls the proper subroutine to read the rest of the
characterizing data for the circuit and construct the
' required spectra;

4) SGP writes the constructed spectra for each circuit on
tape or drum for use later in the EMI program for
comparison of pairs of emitter-receptor spectra.

After each circuit has been processed in Steps 2, 3, and 4, above,
SGP calls subroutine Circuit Interference Prediction (CIP). It is
evident that SGP itself is primarily a control program, reading

and writing data rather than making computations. The input data is

read from the normal system input unit.
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The output from SGP and its spectra-generating subroutines is stored

on tapes /drums currently assigned as follows:

Physical Unit Logical Unit Information Stored
Ta:pe A 1 Input data for circuits
Tape B 2 ‘Same as above
Tape C 3 Same as above
Drum 1, 3rd area. 8 Spectra and coupling

data for Rx circuits

Drum 2, 4th area 11 ) - -Spectra and coupling
) E data for Tx circuits
. Drum 2, 3rd area 12 Same as above
D.2.1 Spectra-Constructing Routines

There are six spectra-generating subroutines, one for each type cir-
cuit, called by SGP. Each such routine constructs a Tx and/or Rx
spectrum, and writes the input data for the circuit currently being

processed on the 'appropriate tapes.

The transmission of information between SGP and each of the six

_ spectfum-generating subroutines is through COMMON storage. The

circuit name, circuit type, wire code, and wire route (i.e., the

information réad by SGP from the first input card for a given circuit)
is stg ed by Q("p in 2 common hlock having the label CKTBLK. The

couplmg data read from the remaining input cards for the circuit by
the appropriate spectrums- generatmg routme and the constructed

spectra are passed to SGP by use of a common block labelled SPCTRA.

The list of variables (using the program variable names) in each of

these common blocks is as follows:
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Block Name - '

' CKTBLK

SPECTRA

D2-90642-1

Variable

ORID

CTACTZ
ID |
ROUTE

 IWIRE

FTX array

VTX array

_.N
FRX array
VRX array
M
2G
ZL

PWCD

FREQ

170

Order description for

" the circuit

Name or number
assigned this circuit

Connector

Contact

Connector

Contact

Circuit type number.

Name or number of wire
route of-this circuit

Wir,e*c_é&e""r*, p—— e e

Frequency values in Tx
spectrum log frequency

Amplitude values in Tx
spectrum db/uv

Number of points in Tx
spectrum

Freéuenéy values in Rx
spectrum log frequency

Amplitude values in Rx
spectrum db/uv

Number of points in Rx
spectrum

Complex generator
impedance - ohms

Complex load impedance
ohms

Power supply type

Ripple frequency - cps
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- The proper spectrum- generating subroutine is chosen by SGP accord-

ing to the circuit type number (variable name ID in the CKTBLK list

above):
Circuit Type
Number ' Circuit Type
1 power »
2 servo
3 signal
4 switch
5. squib
6 modulated signal
D.2.1.1 Subroutine PWRSGN (Power Circuits)

" PWRSGN is called by SGP to read the input data for power circuits and

to'construct Tx and Rx spectra as described in Paragraphs B.1.1 and
B.2.1. ‘ ) '

D:2.1.2 - Subroufine SRVSGN (Servo Circuits)

: SRVSWG:N ié.r ré:;lle'ﬂd by SGP to read the input data for command input and

'feedback—type servo circuits and to construct Tx and Rx spectra as

described in Paragraphs B.1.5 and B.2.4.

-D.2.1.3 Subroutine DGTSGN (Signal Circuits)

DGTSGN is called by SGP to read the input data for signal circuits and

to construct Tx and Rs spectra as described in Paragraphs B.1.3 and

B.2.2.

D.2.1.4 Subroutine SWCSGN (Switch Circuits)

SWCSGN is called by SGP to read the input data for switch circuits and

to construct a Tx spectrum as described in Paragraph B.1.2.

L a
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D.2.1.7 Subroutine SQBSGN (Squib Circuits)

SQBSGN is called by SGP to read the input data for squib circuits and

to construct an Rx spectrum as described in Paragraph B.2.5.

D.2.1.6 Subroutine MDCSGN (Modulated Signal Circuits)

MDCSGN is called by SGP to read the input data for modulated signal
irmeanit

. ~-

1.4

and to construct Tx and Rx spactra as described in Paragraphs

nd B.2.3.

O
[{]
!

e}
()

[\

D.2.1.7 Subroutine PULSE

PULSE is called by DGTSGN to compute the envelope of the Fourier

spectrum of a trapezoidal pulse.

‘One type of signal frequently used is a trapezoidal pulse. The power

spectrum of such a signal resembles a damped sine wave; it has maxi-
mum amplitude at zero frequency and zero amplitude at infinite

frequency. The envelope of the spectrum is used as an approximation,
since too many points would be required to adequately define the actual

spectrum.

For example, consider the square pulse shown below.

T

AMPLITUDE

- 2> >

TIME
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The power spectrum of this pulse and envelope have the form

POWER ~ DB

The envelope is described by the points 1, 2, 3, and the line segment .

ioining them.

i
i

The list of input and output arguments for PULSE is as follows:

Variable Name

A

T

TR

TF

VTH

VBR array

FBR array

JJ

Out

In

X

X

X

X
X
X

X

173

Meaning

Pulse height - volts

Pulse width at bqtt()m -

microseconds

Rise time - microseconds

Fall time - microseconds

Amplitude at which the
spectrum ends - db/mv

Amplitude values in pulse
spectrum - db/# v

Frequency values in pulse
spectrum - megacycles

JJ
JJ

ol

1, trapezoidal pulse
4, square pulse
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D.2.2 CIP (Circuit Interference Program)

- CIP and the subroutines called by CIP constitute that portion of the

EMI program which compares receptor auséeptibility spectra with

[ LY PR, U S, ag £ o e agan o
emitter interference specira for the purpos

€
interference. CIP is in subroutine form and is called by SGP.

CIP performs the following major functions for each pair of possible

interference circuits:

’

1) Reads Tx and Rx spectra and coupling data from
tape or drum;

2) Determines the amount of coupling between the two
circuits;.

3) Computes an interference spectrum (an attenuated

emitter spectrum) and compares it with the Rx
susceptibility spectrum;

4) Prints diagnostic information for each potential
interference pair. :

The amount of coupling between circuits is dependent upon the amount

~ of mutual wire length for the circuits. The wire route information

read from the input cards by SGP is passed to CIP via a COMMON
block labelled WROUTE. The arrays in the WROUTE block give the

name and the set of station-angle pairs for each wire route.

D.2.2.1 " Subroutine SPCMPR

SPCMPR is called by CIP and subroutine ATTEN to substract one

spectrum from another.

The FORTRAN-calling sequence and a description of the input and
output arguments for SPCMPR are as follows:

CALL SPCMR (FB, VB, NB, FA, VA, NA, FC, VC, NQC).
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Argument j In

Out
FB | X
| V.B - | X
NB X
FA j X
VA | X
N@‘\. X
FC X
vC X
NC X

Meaning

Frequency array for

‘Curve B_

Voltage array fov'.
Curve B

Number of points in
Curve R

Frequency array for
Curve A '

Voltage array for
Curve A

Number of points in
Curve A

Frequency array for
Curve C

Voltage array for
Curve C

Number of points in
Curve C-

(Here, Curve C = Curve A - Curve B)

D.Z.Z.Z ", Subroutine MUTUAL

MUTUAL is called by CIP to compute the mutual wire length tor a Tx

and Rx cu-cult pair.

The FORTRAN-calling sequence and a description of the input and

output argutments for MUTUAL are as follows:

CALL MUTUAL (Z1, A1,

Z2, N1,

175
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A Argument . In Out
z1 X
Al X
N1 X
Z2 X
A2 X
N2 X
RADIUS X
XL, LENGTH X

‘values are in inches.

D.2.2.3 Subroutine ELMNTS

Meaning’

‘Station array for first

wire route

Angle array for first
wire route ‘

Number of station-
angle pairs in first
wire route

Station array for ‘ |
second wire route

Angle array for
second wire route

Number of station-
angle pairs in second
wire route

Radius of the shell in
which the circuits are
located

Mutual wire length

Al angles are in degrees, and the mutual w1re length and the station

ELMNTS is called by CIP to compute couplmg parameters for a

Tx - Rx circuit pairs.

The calling sequence and a description of the input and output arguments

for ELMNTS are as follows:

- CALL ELMNTS (ITWIRE, IRWIRE, H, XLNGTH, XM, XC,

ISLD, ADAT)
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Argument In Out Meaning
ITWIRE - X Tx wire code
IRWIRE X Rx wire code
H X Circuit height above
ground plane - inches
XLNGTH X Mutual wire length -
inches
XM X Mutual inductance -
henries
XC ) X Mutual capacitance -
' farads
ISLD X Wire shielding code:
0 - neither wire shielded
1 - Rx wire shielded
10 - Tx wire shielded
11 - both wires shielded
ADAT X Attenuation due to twisting:
14 db if either wire twisted
0 db if neither twisted
The wire codes, shielding and twisting data, and wire diameters neces- .

sary for the computation of the output argument are collected in tables
within ELMNTS. Mutual capacitance XC and mutual inductance XM

are computed using the formulas in Paragraph C.8.

D.2.2.4 ' Subroutine ATTEN

ATTEN is called by CIP to compute: (1) an attenuation spectrum for
a Tx - Rx pair, and (2) the interference spectrum obtained by sub-

tracting this attenuation spectrum from the Tx emitter spectrum.
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‘ The basic attenuation spectrum is defined by three points as follows:
- Voltagé
Log Frequency Attenuation - db-
0 20 fz '
4 f2 = log (cf) 0

8 | 0

The 'corner frequency" cf is computed depending upon the relatwe
ordering of the load ends of the Tx and Rx circuit:

1) If both loads are on the same ends of the crircuits,

cf = minimum (f;, ), where

® I PN L)
e = K
| c 21 CzyZ 2212

_@h+2ﬂm2+zw

m . 2" MZ and
g2
Zzl = load impedance, Tx circuit - chms
: Zzz = load irripedance, Rx circuit - ohms
‘ Zgl = generator impedance, Tx circuit - ohms
‘ ‘ ZgZ = generator impedance, Rx circuit - ohms -
C = mutual capacitance - farads
M = mutual inductance - henries

/'

178



T TV TR T T A

D2-90642-1

2) If the loads are at opposite ends of the circuits

H

A +
fop - T EVER 2y
. - 2mZ +
& g2 M+ C2ZyZ)

If either or both wires are shielded, the minimum of the attenuation

produced by inductive and capacitive shielding at any frecjuency is

» added to the basic attenuation curve. The inductive and capacitive

shielding spectra information, as defined in Paragraph 4.5, 3, is in
able form within ATTEN.

.

If either Wire' is twisted, an additional amount of attenuation, given in

the calling sequence to ELMNTS, is also added at each pomt of the

basic attenuation spectrum.

The final attenuation spectrum is subtracted from the Tx spectrum to

. obtain the interference spectrum which.is returned to CIP by ATTEN.

A description of the input and output érguments for ATTEN is as follows:

AMwiaoc

Argumént In Out Meaning
XM X ) Mutual inductance -

XC : - X Mutual capacitance -
o ' henries

ZGl _ X | Complex generator
o . impedance Tx ctrcuzt -
ohms

7.G2 X ‘ Complex generator
impedance Rx circuit -
ohms

ZL1 X | _Complex load impedénce
Tx circuit - ohms

179



Argument

T zL2

vTX
FTX
NTX

VINT

FINT .

NINT

ISLD :
ADAT

IORIDI
IORID2
CORNER

 D2-90642-1

Out

180

Meéning

"Complex load impedance

Rx circuit - ohms

Amplitude array, Tx

spectrum - db/av

Frequency array, Tx
spectrum - log frequency

Number of Tx spectrum
points

Amplitude array,
interference spectrum -

 dbfuv

Frequency array,
interference spectrum -
log frequency

Number of interference
spectrum points

Wire shielding code,

‘as in

Twisting attenuation,
as in ‘

Or_d'er-ID, Tx circuit
Order ‘ID, Rx ¢ircuit

Corner freqﬁency - cf:



